UNCLASSIFIED 
AD  NUMBER 


AD513629 

CLASSIFICATION  CHANGES 

TO: 

unclassified 

FROM: 

restricted 

LIMITATION  CHANGES 

TO: 

Approved  for  public  release;  distribution  is 
unlimited. 


EROM: 

Distribution  authorized  to  DoD  and  DoD 
contractors  only;  Foreign  Government 
Information;  NOV  1970.  Other  requests  shall  be 
referred  to  British  Embassy^  3100  Massachusetts 
Avenue,  NW,  Washington,  DC  20008. 


_ AUTHORITY _ 

DSTL,  DEFE  15/2500,  9  Feb  2009;  DSTL,  DEFE 
15/2500,  9  Feb  2009 


THIS  PAGE  IS  UNCLASSIFIED 


UNCLASSIFIED 


AD  NUMBER 

AD513629 

CLASSIFICATION  CHANGES 

TO: 

restricted 

FROM: 

confidential 

AUTHORITY 

RARDE  Notice  dtd  30  Sep  1975 


THIS  PAGE  IS  UNCLASSIEIED 


34/70 

CVJ 

CO 

CO 

tH 

iO 

Ci 


-  ;ct3d 


MINISTRY  OF  DEFENCE 


.  fc^'tAC'icC^ 

,  '  ^ffi-  p; 


BR22511 


COPY  No.  1; 


Dsel  OADK 


/ 


ROYAL 

ARMAMENT  RESEARCH  AND  DEVELOPMENT 


O 

lO 


Q 

fri 


ESTABLISHMENT 

f’iCAT'.KNY  AF?3Er:AL 

■SCIENTIFIC  AND  TECHNICAL  iNFORfwATION  C . . 

R.A.R.D.E  MEMORANDUM  34/70 


GUNS  AND  AMMUNITION  DIVISION 


Gun  Blast  and  Muzzle  Brake  Symposium 
R.A.R.D.E.  Fort  Halstead  5th  -  7ih  March  1968  ) 
(title  UNCLASSIFIED) 


.vi 


^4* 


200901 07  227 


Fort  Halstead 
K«at 


COWriDCN=H  ‘ 


D  D  C 

"iMEIilliE 

'EB  XI  an 

tSEITlTTS 

P  . 

Novcmt>cr:j 


PtCATtNNY  ARSENAL,  STINPO  BRANCH 


I 

J^TSCRF.ET  ^'T3Td’’oi3T3fi7''it 


1970^1^ 

S’ 


141385 


Thii  Document Vas  Graded 
CONFlbENTIAL/DISCREET 
at  the  250th  meeting  of  the  R.A.R.D.E. 
Security  Classification  Committee 


I 

i 


THIS  DOCUMENT  IS  THE  PROPERTY  OF  HER  BRITANNIC  MAJESTY’S  GOVERNMENT,- 
and  is  issued  for  the  information  of  such  persons  only  as  need  to  know 
its  contents  in  the  course  of  their  official  duties. 

Any  person  finding  this  document  will  hand  it  in  at  a  Military  Unit  or  Police 
Station  for  its  safe  return  to  THE  SECOND  PERMANENT  UNDER- SECRETARY  OF  STATE 
(ARMY),  MINISTRY  OF  DEFENCE,  LONDON,  S.W.I,  with  particulars  of  how  and  where 
found,  THE  UNAUTHORISED  RETENTION  OR  DESTRUCTION  OF  THE  DOCUMENT  IS  AN  OFFENCE 
UNDER  THE  OFFICIAL  SECRETS  ACTS  OF  1911-1939. 


RELEASE  CONDITIONS  FOR  OVERSEAS  01 STRIBUTI-0N 


I 


1.  THIS  INFORMATION  IS  RELEASEO  BY  THE  UK  GOVERNMENT  TO  THE  RECIPIENT 
GOVERNMENT  FOR  OEFENCE  PURPOSES  ONLY. 

2.  THIS  INFORMATION  MUST  BE  ACCORDED  THE  SAME  DEGREE  OF  SECURITY  PROTECTION 
AS  THAT  ACCORDED  THERETO  BY  THE  UK  GOVERNMENT. 

3.  THIS  INFORMATION  MAY  BE  DISCLOSED  ONLY  WITHIN  THE  DEFENCE  DEPARTMENTS 
OF  THE  RECIPIENT  GOVERNMENT  AND  TO  ITS  OEFENCE  CONTRACTORS  WITHIN  ITS  OWN 
TERRITORY  EXCEPT  AS  OTHERWISE  AUTHORISED  BY  THE  MINISTRY  OF  DEFENCE.,  SUCH, 
RECIPIENTS  SHALL  BE  REQUIRED  TO  ACCEPT  THE  INFORMATION  ON  THE  SAME  CONDITIONS 
AS  THE  RECIPIENT  GOVERNMENT. 

4.  THIS  INFORMATION  MAY  BE  SUBJECT  TO  PRIVATELY-OWNED  RIGHTS'. 


1.  THIS  INFORMATION  IS  RELEASED  BY  THE  UK  GOVERNMENT  TO  THE  RECIJ 
GOVERNMENT  FOR  DEFENCE  PURPOSES  ONLY. 


2.  THIS  INFORMATION  MUST  BE  ACCORDED  THE  SAMJ, 
AS  THAT  ACCORDED  THERETO  BY  THE 


CURITY  PROTECTION 


a."'  THIS  I HF08M^»«rRAY  BE  DISCLOSED  ONLY  WITHIN  THE  OEFENCE  DEPARTMENTS 
bF  THE  i£tt«#WT60VERNMENT  AND  TO  THOSE  NOTED  IN  THE  ATTACHED  LIST,  EXCEPT 
rSE  AUTHORISED  BY  THE  MINISTRY  OF  DEFENCE.  SUCH  RECIPIENTS  SHALL 
REQUIRED  TO  ACCEPT  THE  INFORMATION  ON  THE  SAME  CONDITIONS  AS  THE  RECIPIENT 
GOVERNMENT. 

4.  THIS  INFORMATION  MAY  BE  SUBJECT  TO  PRIVATELY-OWNED  RIGHTS. 


1.  THIS  INFORMATION  IS  RELEASED  BY  THE  UK  GOVERNMENT  TO  THE  RECIPIENT 
GOVERNMENT  FOR  DEFENCE  PURPOSES  ONLY. 

2.  THIS  INFORMATION  MUST  BE  ACCORDED  THE  SAMEJl£fi  SLCURITY  PROTECTION 

AS  THAT  ACCORDED  THERETO^ 

^INFORMATION  MAY  BE  DISCLOSED  ONLY  WITHIN  THE  OEFENCE  DEPARTMENTS 
"bF  THE  RECIPIENT  GOVERNMENT,  EXCEPT  AS  OTHERWISE  AUTHORISED  BY  THE  MINISTRY 
OF'- DEFENCE-. 

4.  THIS  INFORMATION  MAY  BE  SUBJECT  TO  PRIVATELY-OWNED  RIGHTS. 


5.  THIS  INFORMATION  IS  RELEASED  FOR  INFORMATION  ONLY  AND  IS  TO  BE  TREATED  AS 
DISCLOSED  IN  CONFIDENCE.  THE  REC.IPIENT  GOVERNMENT  SHALL  USE  ITS  BEST  EN¬ 
DEAVOURS  TO  ENSURE  THAT  THIS  INFORMATION  IS  NOT  DEALT  WITH  IN  ANY  MANNER 
LIKELY  TO  PREJUDICE  THE  RIGHTS  OF  ANY  OWNER  THEREOF  TO  OBTAIN  PATENT  OR  OTHER 
STATUTORY  PROTECTION  THEREFOR. 

6.  BEFORE  ANY  USE  IS  MADE  OF  THIS  INFORMATION  FOR  THE  PURPOSE  OF  MANUFACTURE 
THE  AUTHORISATION  OF  THE  MINISTRY  OF  DEFENCE, 0  SALES  (SALES  5a  (A)),  ST. 
CHRISTOPHER  HOUSE,  SOUTHWARK  STREET,  LONDON  S.E.I  MUST  lE/OBTAINED. 

— - - - ^ - 


k 

i 


if 


•i 


R.A.R.D.E. 
Printing  Section 


Mil j  .IN I wy lip  ^i|i.<>IW  1.1 


GO 


tH 

05 


Q 

04 


f:!L  lOStrictBl! 

m^TRICTED 


0  m 


BR4950 


n 


Period 

1  7  75  to  30  9  75 


FTl/All/02 

RARDD  Reclassification 
List  Mo  67 


ROYAL  ARiminiT  RESK^CH  AlTD  DEVELOPIIHJT  ESTABLISHIEMT 


RSCLASSIPICATiai  OP 


TEOTIICAL  DOGUI.IEIITS 


Mote: 


copies  of  the  docuinents  listed  herein 


RARDE  Superintendents  are  asked  to  circulate 

this  list  vdthin  their  Branch 


Reference 


RARDE  Reports  and  Memoranda 


ARD  Explosive 
Report  93/44 


llevr  German  7*92  mm  cartridge  for  the 
liaschinenpistole  43  (IIP43) 


ARD  I!et 

Bfiport  230/44 


German  7*92  ram  SAA  for  the  1IP43 


ADE  Report 

10/50 


A  Theoretical  treatment  of  the  Hisznay- 
Schaxdin  effect, 

P  Chorlton 


RARDE  Memo 


RARDE  Memo 

14/70 


Suhsonic  vrind  tunnel  tests  on  the  use  of 
streamers  to  stabilise  the  FOIL  bomblet. 
R  K  Fancett,  Vf  A  Clayden 


RARDE  Memo 

22/70 


vN 


The  effect  of  the  nej^lect  of  (gravity 
on  computations  of  the  anti-personnel 
lethality  of  HE  fragmenting  x-;eapons. 

J  Banfield 


RARDE  Memo 

24/70 


Damage  effectiveness  of  different  rod 
materials  against  various  targets, 
at  a  range  of  velocities. 

S  E  Corbett 


RARDE  Memo 

34/70 


.  o  Q 

RARDE  Memo 

3G/70 


^  -  ’ 


r  1 


Gun  Blast  and  Muzzle  Brake  ^ymposi\im, 

RARDE,  Fort  Halstead,  5-7  March  I968 

G  R  Nice.  .  ;  .  I  /  7  / 

■(''(C  /(- 

Development  of  the  detonator  Electric  GO  No  1 
for  use  in  the  Bomb  Cluster  HE  600  lb  No  1 

Mk  1  (BL755) 

J  Wilby,  M  G  Broim^J  C  Leiqan  _  • 


D  D  C 


)  ■' 


In  viev7  of  the  requirements  of  the  Hand  Book  on 

Security,  it  is  important  that  revised 

Clas'si'ficaVi’ons  sko\il^'  be  Valric'c'd  on  ail 


The  development  of  pyroteohnio  delays  for  the 
No  947  aircraft  bomb  fuze. 


A  H  Scott,  A  E  Garden 


y  DEC  11  19T5 

llkisEiiirE 

D 


u 


Reclassified  as 


raCLASSIFIED 


UNCLASSIFIED 


UITCLASSIFIED 


RESTRICTED 


RESTRICTED 


CONPIDENTIAL* 

DISCREET 


CONFIDENTIAL* 


RESTRICTED 

DISCREET 


RESTRICTED 


X 

1^' 


^WmiiUBTOIiiiL  JIDOUBBy 


MINISTRY  OF  DEFENCE 

ROYAL  ARMAMENT  RESEARCH  AND  DEVELOPMENT  ESTABLISHMENT 

R.A.R.D.E.  MEMORANDUM  ^h/lO 


Gun  Blast  and  Muzzle  Brake  Symposium 
R.A.R.D.E.  Port  Halstead  ^th  —  7th  March  1968 

(title  UNCLASSIFIED) 

G.R.  Nice,  B.Sc.  (E4  -  formerly  B2) 


Summary 


A  full  account  is  given  of  the  Symposium  which  covered  Experimental 
Techniques  for  measurement  of  blast  and  muzzle  brake  performance,  Research, 
Development  and  Design  of  muzzle  brakes  and  Physiological  Aspects  of  Gun  Blast. 


This  material  contain#  information  affectian 
the  national  defense  of  the  United  5talea 
within  the  meaning  of  the  Law# 

(Title  18,  U.S.C.,  sections  7^3  aad  7©4)t 
the  transmission  or  revelation  of  wKidk  iP| 
any  manner  to  an  unauthoriaadi  (HNnMMi  i|L 
prohibited  by  law. 

Approved  for  issue: 

P.H.  Seeley,  Principal  Superintendent,  ’B’  Division 


(J,  H. 


iflPlBltfTgMJ 


CONFIDENTIAL  DISCREET 


CONTEI^S 

Page 

Foreword 

PART  1.  OUTLINE  OP  SYMPOSIUM 


1 .  Introduction  -j 

2.  Measurement  and  Research  2 

3.  Development  2 

4.  Physiological  Aspects  2 

5-  Concluding  Remarks  3 


PART  2.  DETAILS  OP  PRESENTATION 

Session  I  -  Measurement  and  Research 

Item  1  Introduction  to  Measurement  G.R.  Nice,  B2/r. A.R.D.E.  -  U.K 
Item  1.1  Foil-Rupture  Blast  Pressure  Gauges  A  V/  Bicker, 
F1/r. A.R.D.E.  -  U.K. 

Item  1.2  Piezo-electric  measurement  of  gun  blast  pressures 
K.E.B.  Green,  B2/r. A.R.D.E.  -  U.K. 

Item  1.3  The  measurement  of  noise  Dr.  M. A.  Elwood, 
A.P.R.E.  -  U.K. 

Item  2  Recoil  Measuring  Equipment  at  Meppen  Herr  Hornfeck,  F.R.G. 

Item  3  Muzzle  Brake  Model  Studies  F.  Smith,  DL/R. A.R.D.E.  -  U.K. 

Item  4  Experimental  Full  Calibre  Firings  G.R.  Nice,  B2/R. A.R.D.E. 
-  U.K. 


Session  II  -  Development 

Item  1  Experimental  Muzzle  Brakes  P.B.  Shilstone,  Bi/r. A.R.D.E.  -  U.K.  20 

Item  2  Recoil  Velocity  Measurement  Dipl.  Ing.  Grubert,  F.R.G.  26 

Item  3  Aberdeen  Proving  Ground  technique  of  gun  blast  testing  and  27 

results  of  full  calibre  testing  in  the  155  nim  Howitzer,  SP, 

M109  D.  Tag  -  U.S. 

Item  4  Empirical  studies  on  the  reduction  of  muzzle  brake  blast  31 

M.J.  Salsbury  -  U.S. 

Item  5  Muzzle  brake  design  and  the  reduction  of  blast  Dr.  Ing.  Kratz,  38 

F . R. G. 


3 

4 

8 

9 

11 

13 

18 


CONFIDENTIAL  DISCREET 


CONFIDENTIAL  DISCREET 


Item  6  MIO9  test  firings  with  U.S.  and  P.R.G.  muzzle  brakes  and 
XMII9  charges  R.M.  Walsh  -  U.S. 

Item  7  The  interaction  of  the  man-weapon  system  and  studies 
involving  muzzle  gas  dynamics  S.S.  Lentz  -  U.S. 


Page 

42 

45 


Session 

III 

-  Physiological  Aspects 

Item 

1.1 

Notes  on  film  ’’Dangerious  Noise" 

Surgeon  Commander  R.R.A.  Coles,  RNMS  -  U.K, 

49 

Item 

1.2 

Communication  problems  with  intermittent  impulse 
noises  Surgeon  Commander  R.R.A.  Coles,  RNMS  -  U.K. 

50 

Item 

1.3 

Auditory  damage  risk  from  impulse  noise 

Surgeon  Commander  R.R.A.  Coles,  RNMS  -  U.K. 

52 

Item  2  Noise  damage  risk  criteria  Lt.  Col.  J.L.  Fletcher  -  U.S. 

Item  3  The  effects  of  gun  blast  on  hearing  Dr.  M.A.  Elwood, 
A.P.R.E.  -  U.K. 

Annex  A  -  List  of  Participants 

Annex  B  -  Programme 

Figures  and  Tables  for  all  papers 


56 

58 

61 

65 


CONFIDENTIAL  DISCREET 


IMPORTANT 


This  document  should  be  returned  to  the  Reports  Officer.  Royal  Armament  Research  and  Development 
Establishment,  Fort  Halstead,  Sevenaaks.  Kent,  when  no  longer  required 


INITIAL  DISTRIBUTION 


Internal 


No. 


Director 


2  Deputy  Director  (l) 

3  Deputy  Director  (2) 


4 


SMO 


5 

6 

7 

8 

9 

10 

11 


PS/b 

ps/a 

PS/c 

ps/d 

ps/e 

Dr.  W.M.  Evans 
Dr.  C.K.  Thornhill 


12 


SNO 


13 

14 

15 

16 

17 

18 

19 

20 
21 
22 
23 

24-26 

27 

28-29 

External  (UK) 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 


MPC  1 
MPC  2 

s/B2 

s/ai 

s/A3 

s/bi 

S/B4 

S/C3 

s/di 

s/E4 

s/PI 

B2  (Attn  Mr.  K.E.B.  Green,  Mr.  H. G.  Haden,  Mr.  J.D.M.  Wraige) 
B2  Archives  (Attn  Mr.  R.J.  Matthews) 

Pi  (Attn  Mr.  A.M.W.  Bicker,  Mr.  H.S.  Whitaker) 


Chief  Scientist  (Army) 

Deputy  Chief  Scientist  (Army) 

DGW(A)  (Wpns  Coord) 

Wpns  1 

APRE,  c/o  RAE,  Parnhorough,  Hants 

CSR(a),  Charles  House,  Kensington  High  St.,  London,  VY.14 
CSR(a),  pee,  Shoehuryness,  Essex  (Attn  SIS/CSR(a)) 

DGW(n),  Navy  Dept,  Ensleigh,  Bath 

DQA(W) ,  Red  Barracks,  Woolwich,  SEI8  (through  Librarian) 

D  Safety  (AD),  Lansdowne  House,  Berkeley  Sq. ,  London,  7L1 


CONPIDENTIAL  DISCREET 


CONFIDENTIAL  DISCREET 


40  ERDE,  Mintech,  Waltham  Abbey,  Essex 

41  GS(OR)6,  Old  War  Office  Bldg. 

42  GS(0R)1  (Co-ord  and  Interdependence),  Main  Bldg.,  Whitehall 

43  MVEE,  Chobham  Lane,  Chertsey,  Surrey 

44  Secretary,  OB 

45  “  (Attn,  sab) 

46  SPEE,  Shoeburyness,  Essex 

47  "  >  Eskmeals,  Bootle  Station,  Cumberland 

48  "  ,  Pendine,  Carmarthenshire 

49  "  >  Inchterf,  Milton  of  Campsie,  Glasgov/ 

50  Cmmdt.  Armour  School,  RAC  Centre,  Allenby  Barracks, 

Bovington  Camp,  Wareham,  Dorset 

51  Cmmdt.  School  of  Artillery,  Larkhill,  Salisbury  Plain,  Wilts 

52-53  RMCS,Shfivenham,  Swindon,  Wilts  (Attn  Prof.  R.W.  Shephard 

and  Librarian) 

54  Prog.  Dir.  155  Systems,  Bldg.  2\  (B46),  Royal  Arsenal 

West,  Woolwich,  SE18 

55  DGAMS,  Lansdowne  House,  Berkeley  Sq. ,  London  VM 

56  Royal  Naval  Medical  School,  Alverstoke  Hants. 

57“58  Institute  of  Sound  and  Vibration  Research,  University  of 

Southampton,  Highfield,  Southampton,  SO9  5NH 

59  mod  Library  (C&a) 

60  TRC  -  for  retention  n 


Overseas  (through  TRC) 


61 

62 

63-65 

66 

67-68 

69 

70 

71-75 

76-90 

91 

92 

93-111 


112-123 


BDSW  (RScD)  (Attn  Director  of  Munitions) 

BDLS  (Array)  Ottawa  (Attn  Lt.Col.  D.A.  Heath) 

Canada  -  CFHQ  for  DGOS  Technical  Library 
-  (Attn  DGQA) 

-  DND 

-  CDLS 

-  Canadian  National  Leader  TTCP  07 

-  Def  Res  Board 

USA  -  ONR  (London) 

-  Assist  Sec  of  Def  (Dep  DDR  &  E) 

-  Defense  Documentation  Center,  Cameron  Station, 

Alexandria,  Va.  22314 

-  US  Array  Standardization  Group,  UK  (l2  copies)  plus 
copies  for  all  US  representatives  less  ONR  reps, 
named  in  Annex  A 

Federal  Republic  of  Germany  -  FRG  Embassy,  London  (3  copies) 

plus  copies  for  all  FRG 
representatives  named  in 
Annex  A 


Stock 

124-135 


CONFIDENTIAL  DISCREET 


CONFIDENTIAL  DISCREET 


FOREWORD 


There  has  heen  a  very  considerahle ,  and  most  unfortunate,  delay  in 
preparing  this  report  for  publication. 

This  has  been  due  to  the  pressure  of  other  work  and  also  to  difficulties 
in  obtaining  texts  and  illustrations  from  certain  contributors,  even  now  a  few 
illustrations  which  it  was  hoped  might  be  included  are  not  available. 

Apologies  are  offered  for  the  delay  and  it  is  hoped  that  it  will  not 
detract  too  greatly  from  the  value  of  this  report. 


November  1970 


G  R  MCE 
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PART  1.  OUTLINE  OF  SYMPOSIUM 


1 .  INTRODUCTION 


A  symposium  on  various  aspects  of  gun  blast  and  muzzle  brakes  was  held  at 
the  Royal  Armament  Research  and  Development  Establishment  on  -  7th  March.  I968 
and  it  was  attended  by  over  60  representatives  from  5  countries  (see  Annex  A). 

The  proposal  for  the  symposium  originated  during  F.R.G./u.K.  discussions 
on  gun  blast  and  muzzle  brakes  during  initial  stages  of  collaboration  between  the 
two  countries  on  the  development  of  a  155  nira  towed  gun  -  the  FH  70  Project  -  but 
it  was  felt  that  it  would  be  useful  to  have  discussions  dealing  with  the  broader 
aspects  of  the  subject  rather  than  to  confine  them  to  a  specific  weapon. 

Arrangements  for  the  meeting  were  made  very  largely  by  D.G.  of  Arty 
(Major  D.R.H.  Longfield)  and  it  was  chaired  by  Mr.  F.H.  Seeley,  Principal 
Superintendent,  B  Division,  R.A.R.D.E.  The  arrangements  included  provision  for 
simultaneous  English/German  translation  and  this  contributed  quite  largely  to  the 
success  of  the  meeting. 

Following  introductory  remarks  the  symposium  was  divided  broadly  into 
three  sessions: - 

I  Measurements  the  basis  of  all  research  and  development , 

covering  both  blast  and  muzzle  brake 
efficiency, 

II  Developments  the  use  and  application  of  these  measurements 

to  achieve  practical  results  in  the  reduction 
of  recoil  energy  with  the  minimum  adverse 
changes  in  blast  pattern, 

III  Physiological  Aspects s  covering  the  effects  on  gun  crews  and  others 
—  in  the  vicinity  of  blast  due  to  gun  fire. 

The  programme  followed  is  given  at  Annex  B. 

Because  of  a  lack  of  foreknowledge  of  the  precise  content  of  each 
presentation  to  be  given  there  was,  unavoidably,  some  overlap  of  subjects  between 
sessions. 


The  remainder  of  this  Record  gives  a  summary  of  each  session  followed  by 
details  of  presentations  made  with,  where  appropriate,  an  account  of  ensuing 
discussion.  In  most  cases  details  of  the  presentations  are  as  supplied  by  the 
person  who  gave  it  and  there  is  a  considerable  variation  in  amount  of  detail  given 
though  an  attempt  has  been  made  to  secure  some  degree  of  uniformity  by  editing. 

In  the  few  cases  where  written  presentations  were  not  available  details 
given  have  been  compiled  from  notes  made  during  the  meeting. 


1. 
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MEASUREMENT  AND  RESEARCH 


This  session  covered  some  of  the  hasic  techniques  used  in  the  study  of  gun 
blast  and  muzzle  brakes. 

After  a  brief  introduction  on  techniques  of  measurement  details  were  given 
of  two  basic  types  of  device  used  for  measuring  gun  blast  pressures;  simple  foil 
rupture  gauges  used  for  a  quick  assessment  of  maximum  pressure  at  a  point  and  more 
sophisticated  piezo-electric  transducers  used  to  obtain  an  accurate  pressure-time 
history  of  a  blast  wave.  Some  details  were  also  given  of  the  measurement  of  noise. 

These  presentations  were  followed  by  an  account  of  the  system  used  by  P.R.G. 
at  the  Meppen  Proving  Ground  for  measuring  recoil  and  then  by  a  description  of  very 
extensive  studies  of  muzzle  brakes  and  muzzle  blast  carried  out  on  a  model  scale. 

The  session  ended  with  a  presentation  of  full  calibre  studies,  linked  with 
this  model  work,  and  this  included  an  account  of  the  methods  used  by  U.K.  for 
measuring  recoil  and  the  efficiency  of  recoil-reducing  muzzle  fitments  and  their 
effects  on  blast  patterns  aroimd  a  gun. 


3.  DEVELOPMENT 


This  session  was  concerned  with  the  problems  associated  with  the  practical 
development  and  design  of  muzzle  brakes  for  specific  v;eapons.  The  first  presentation 
gave  an  historical  survey  of  the  problem  as  seen  by  U.K.  and  this  was  followed  by 
P.R.G.  and  U.S.  speakers  who  emphasised  the  especial  problems  of  obtaining  a 
reasonably  high  muzzle  brake  efficiency  without  raising  blast  levels  at  gun  crew 
positions  to  objectionably  high  values. 

Specific  results  were  quoted  in  some  detail  for  155  ™i  and  105  ram  calibre 

firings. 


The  final  presentation  was  a  description  of  studies  made  in  U.S.  at  the 
Ballistic  Research  Laboratories  of  the  effect  of  muzzle  gas  dynamics  on  a  small  arms 
weapon  and  its  firer^ regarding  man  and  weapon  as  a  single  system. 


4.  PHYSIOLOGICAL  ASPECTS 


This  session  was  concerned  with  the  effects  on  human  beings  in  the  vicinity 
of  noise  and  blast  from  guns  and  contained  presentations  by  U.K.  and  U.S.  on  the 
different  effects  on  hearing  produced  by  such  phenomena.  The  session  included  a  film 
produced  by  the  Royal  Naval  Medical  School  on  "Dangerous  Noise". 
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5,  CONCLUDING  REMARKS 


In  a  final  discussion  period  it  was  generally  agreed  that  the  symposium 
had  been  of  considerable  value  as  an  exchange  of  information  on  the  various  aspects 
of  its  subject.  It  was  felt  to  have  been  of  particular  value  in  bringing  together 
those  working  on  these  different  aspects  of  the  countries  represented  who  do  not 
normally  come  into  contact  with  each  other;  for  example  actual  designers  of  muzzle 
brakes  and  those  interested  in  the  physiological  aspects  of  gun  blast. 

It  was  felt  that  it  would  be  of  interest  to  consider  another  similar 
meeting  in  a  few  years  time. 


PART  2.  DETAILS  OP  PRESENTATION 


SESSION  I  -  MEASUREMENTS  AND  RESEARCH 

Item  1  Introduction  to  Measurement  G.R.  Nice,  B2/r. A.R.D.E. 

As  in  many  other  fields  of  scientific  and  technical  endeavour  accurate 
measurement  of  the  parameters  involved  is  essential  to  any  studies  of  gun  blast 
and  muzzle  brake  effects. 

As  far  as  U.K.  work  in  this  area  is  concerned  we  have  used  a  number  of 
quite  distinct  techniques.  I  propose  merely  to  introduce  these  techniques  leaving 
it  to  subsequent  speakers  to  elaborate  on  them. 

For  many  purposes  an  indication  of  the  peak  blast  pressure  distribution 
around  a  gun  is  all  that  is  required;  this  is  very  easily  and  simply  obtained  with 
a  foil  rupture  gauge.  In  this  a  thin  standard  foil  is  held  so  that  different  areas 
are  exposed  by  holes  of  differing  diameter  so  that  the  foil  will  be  ruptured  by 
impinging  blast;  the  size  of  the  hole  ruptured  gives  a  measure  of  the  blast  level. 

Such  gauges  are  simple  and  cheap  and  may  be  deployed  in  large  numbers.  As 
the  next  speaker,  Mr.  Bicker,  will  tell  you  they  may  be  refined  to  cover  a  wide  range 
of  pressures  and  to  give  quite  a  sensitive  and  sophisticated  measuring  device. 

(item  1.l). 


For  more  accurate  measurements  especially  where  effects  on  structiores  or 
equipment  are  concerned  a  pressure-time  history  for  the  blast  is  required  and  this  is 
obtained  with  a  piezo-electric  gauge  which  the  speaker  under  item  1.2  (Mr.  Green) 
will  discuss. 

We  have  also  found  a  "flow  visualization"  technique  to  be  very  useful  in 
some  cases.  In  this  blast  is  photographed  against  a  black  and  white  striped 
background  with  a  high  speed  camera  and  the  density  discontinuity  at  the  shock-wave 
becomes  apparent. 
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The  final  type  of  measurement  to  he  employed  are  noise  measurements  which 
Dr.  Elwood  will  consider  under  item  1.3* 

Item  1.1  Foil-Rupture  Blast  Pressure  Gau^Res  A.W*  Bicker,  Fi/R.  A.R.D.E. 

Potton  Island 

Introduction 

The  accepted  method  of  measuring  blast  pressures  around  gun  muzzles  or 
from  high  explosives  is  by  name  of  piezo-electric  transducers  and  electronic 
recording  equipment,  and  this  will  be  discussed  later  under  item  1.2. 

However,  the  equipment  involved  is  bulky,  relatively  complex,  and 
requires  trained  personnel  to  operate  and  assess  the  results. 

In  addition  circumstances  often  arise  where  such  equipment  is  either  not 
available  or  not  available  in  sufficient  quantity  to  make  all  the  measurements 
required  as  in  determining  the  pressure  contours  round  a  gun  at  various  heights 
and  distances  or  it  could  be  that  trial  conditions  would  be  hazardous  to  personnel 
and  equipment. 

So  far  as  is  known  foil  gauges  of  the  type  under  discussion  were  first 
developed  by  F.V.R.D.E.  for  a  specific  requirement  but  they  have  undergone 
considerable  modification  in  R. A.R.D.E. 

Although  they  have  limitations,  foil  gauges  are  very  useful  in 
circumstances,  to  augment  the  more  sophisticated  system  or  where  the  general  picture 
is  required  rather  than  detailed  information  at  a  few  points  as  would  be  provided 
by  the  piezo-electric  system.  The  liraitations_^of  foil  gauges  are  (l)  their  accuracy, 
which  at  present  is  only  slightly  better  than  —  ^0^  and  (2)  the  fact  that  they  only 
show  peak  pressures,  although  this  may  not  be  too  serious  if  the  general  shape  of 
the  pressure  wave  is  known  by  experience  or  from  other  meas\ireraents. 

Foil  gauges  are  simple,  robust,  can  be  exposed  in  large  numbers,  and  can  be 
used  by  unskilled  operators. 

Essentially  they  consist  of  a  thin  metal  diaphragm  or  foil,  usually 
aluminiiomj  clamped  over  apertures  of  various  diameters,  and  when  exposed  to  blast 
the  foils  rupture  at  a  surprisingly  reproducible  pressure  level.  The  rupture 
pressure  depending,  of  course, on  the  aperture  diameter  and  the  thickness  of  the  foil. 

The  foils  are  weak  and  inertialess,  and  fail  by  pressure  and  not  by  impulse 
(pressure— time  integral).  To  confirm  this,  foil  gauges  have  been  calibrated  by 
exposing  them  to  blast  from  explosive  charges  and  monitoring  the  pressures  by  the 
piezo-electric  system.  The  gauges  were  exposed  at  the  same  pressure  level  to  blast 
from  a  range  of  weights  of  explosive  charge  and  thus  the  only  variation  is  in  the 
duration  of  the  pressure  wave.  Charge  weights  used  ranged  from  1  to  6A  lbs  giving 
a  1:4  ratio  in  duration  and  it  was  found  that  all  foils  behaved  similarly.  This 
was  further  confirmed  on  a  firing  of  4000  lbs  HE  which  gives  a  duration  ratio  of 
j  1:l6,  and  the  foils  failed  at  the  same  pressure  level  as  from  the  smaller  charges. 
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Calibration 


Foil  Gauges  can  have  a  number  of  apertirres  of  very  different  diameters  and 
so  cover  a  wide  range  of  pressure,  or  they  can  be  used  to  cover  a  narrower  range 
with  greater  resolution. 

A  type  of  gauge  which  has  just  been  calibrated  is  shown  in  Pigs.  1  and  2. 
This  has  four  sizes  of  aperture  -  1.A,  0.8,  0.52  and  0.16  inches  diameter,  and 
covers  pressures  from  1*5  to  40  psi.  A  top  plate  clamps  the  foil  flat  over  the 
apertures  in  the  body,  and  there  is  a  backing  plate  to  prevent  blast  gaining  access 
to  the  rear  of  the  foil  after  diffracting  round  the  body.  The  entry  to  the  holes  in 
the  top  clamping  plate  are  chamfered  to  try  to  cover  circumstances  where  the  blast 
is  not  truly  normal  to  the  gauge,  and  also  to  avoid  diffraction  which  would  occur 
round  sharp-edged  holes.  As  will  be  seen  later  this  chamfer  caused  some  trouble. 

The  foil  used  was  annealed  comraercially-pure  Aluminium,  .008  mm  thick, 
which  had  been  purchased  in  bulk  and  was  therefore  of  the  same  thickness  and  in 
the  same  metallurgical  condition.  Multiple  foils  were  used  to  obtain  diaphragms 
of  varying  thickness  to  cover  a  wider  range  of  pressures. 

The  blast  pressures  were  not  monitored  in  this  trial,  because  as  a  result 
of  hundreds  of  firings  in  which  pressures  from  explosives  hav|  been  measured,  the 
pressure/distance  relationship,  is  known  with  an  accuracy  of  —  3’“4^>  and  this  data 
was  used  to  determine  the  pressure  at  which  the  foils  ruptured.  At  present  it  is 

still  necessary  to  calibrate  each  design  of  gauge  and  the  object  of  this  trial  was 

to  see  if  some  relationship  could  be  resolved  which  might  eliminate  this  work. 

The  foil  gauges  were  exposed  in  groups  of  three  at  slightly  different 
radial  distances  facing  the  charge,  figs.  3  and  4>  and  the  positions  of  the  groups 
adjusted  so  that  the  pressure  to  cause  rupture  was  bracketted.  At  the  critical 
pressure  level  for  each  diameter  of  aperture  the  front  foil  of  a  group  ruptured,  the 
rear  foil  failed  to  rupture,  and  the  centre  foil  was  in  the  ’go/no  go’  region. 

As  stated  previously  the  foils  rupture  at  a  very  reproducible  pressure  lev6l 
and  also  in  a  very  reproducible  manner,  the  criterion  for  rupture  is  a  pinhole  sized 
perforation  right  in  the  centre.  This  particular  type  of  perforation  may  be  due 
to  the  fact  that  when  a  clamped  diaphragm  is  deformed  by  shock  loading  it  does  not 

move  into  a  rounded  form,  but  deflects  as  a  truncated  cone,  with  bending  waves 

moving  in  from  the  periphery  and  meeting  at  the  centre  to  produce  the  perforations 

f  , 

There  are  obviously  various  degrees  of  rupture,  from  the  complete 
shearing  round  the  periphery,  tearing  across,  the  pinhole  puncture,  and  buckling 
without  rupture  fig.  5*  After  exposure  the  foils  always  appear  buckled  to  some 
extent  (presiimably  due  to  turbulence  and  interaction  of  pressure  waves). 

The  fact  that  at  the  critical  pressure  the  pinhole  rupture  is  in  the 
centre,  is  very  useful  in  that  small  punctures  other  than  in  the  centre  can  often  be 
ignored  as  being  due  to  dust  or  small  particles  of  debris. 
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Results 


The  critical  rupture  pressure  was  determined  for  each  size  of  aperture 
with  diaphragms  of  various  thickness.  The  results  are  shown  in  log/log  graphs, 

(figs.  6-9) >  which  show  D/t  against  free  field  pressure;  D  being  aperture  diameter 
and  t  diaphragm  thickness,  the  diaphragm  being  made  up  of  various  sheets  of  standard 
.008  mm  foil.  Before  discussing  the  results  it  should  be  made  clear  that  the 
rupture  pressure  quoted  is  the  free-field,  side-on,  or  hydrostatic  pressure  (P.) 
existing  in  the  pressure  wave  without  any  obstruction,  whereas  the  foil  ruptures 
as  a  result  of  the  reflected  or  face-on  pressure  (P  )•  In  ideal  circumstances  P. 
and  P  are  related  by 

p  .2P. 

^  ^  ^  7P  +  P.  < 

0  1  ) 

but  this  relates  to  an  infinite  rigid  surface.  (See  fig.  10). 

Side-on  calibration  pressures  are  quoted  for  two  reasons.  When  a  blast 
wave  impacts  the  surface  of  a  target,  rarefaction  waves  are  generated  at  the  target 
edge  and  move  inwards  across  the  target  face  and  erode  the  positive  pressure  wave. 
While  this  is  not  very  significant  here  since  the  foils  fail  instantly  under  the  peak 
pressure,  someone  may  push  the  design  to  the  limit  so  that  the  foil  comes  right  to 
the  edge.  The  other  reason  is  the  condition  in  the  theoretical  relationship  that 
the  target  is  rigid,  and  of  course  this  is  something  which  can  vary  according  to 
the  trial  requirements. 

Reverting  to  the  results,  the  fit  of  the  lines  shows  there  is  a  relation¬ 
ship  between  2.  and  P,  and  this  is  of  the  form 
t  ^ 

log  ■j  =  -  m  log  P.  +  C  (C  is  a  constant) 

o  1 


i.e. 


X  C' 


P 

t  =  constant 

m 

P. 

1 


and  from  these  curves  m  =  1.3 

• 

The  tests  were  made  only  over  a  limited  pressure  range  of  P.  from  1.6  to 
ifO  psi  which  it  was  thought  would  be  of  interest  in  respect  of  damage  to  personnel 
or  equipment. 

The  pressures  at  which  the  foils  rupture  is  reproducible  between  about  —  5/^ 
as  can  be  seen  from  the  table,  fig.  11,  this  together  with  the  estimated  accuracy  of  the 
pressure/distance  data  used  in  calibrating,  suggests  that  foil  gauges  will  measure 
the  peak  pressure  with  an  accuracy  slightly  better  than  lOjS. 
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Discussion 


Each  of  the  calibration  graphs  looked  reasonably  good,  but  when  all  the 
results  are  plotted  together  as  in  fig.  12  there  is  some  disparity.  This  is 
attributed  to  the  funnelling  effect  of  the  chamfer  on  the  entry  holes  in  the  top 
plate.  This  disparity  is  greatest  with  the  small  apertures,  and  for  this  reason 
it  is  suggested  that  it  is  preferable  to  use  the  larger  apertures  with  thicker 

diaphragms  to  give  the  required  —  ratio  for  the  pressure  to  be  measured. 

t 

To  investigate  this  further  gauges  of  a  modified  design  with  a  l/8  inch 
thick  top  plate  will  be  calibrated,  to  see  if  the  graphs  can  be  made  more 
coincident.  Obviously  it  would  be  desirable  to  devise  an  arrangement  when  the 
foil  is  flush  with  the  surface.  This  would  permit  design  of  side-on  gauges  on 
the  rupture-foil  principle. 

The  effect  of  shape  of  entry  hole  was  investigated  using  a  special  gauge 
with  a  single  0.25  inch  diameter  aperture  and  differing  entry  shapes  (fig.  13)« 

This  modification  increased  the  rupture  pressure  by  3^  and  brought  the  results  more 
in  line  with  those  from  the  larger  apertures. 

To  obtain  foil  of  kno™  and  constant  thickness,  and  in  known  metallurgical 
condition,  it  has  to  be  ordered  in  large  quantities.  To  assist  the  occasional 
user,  the  gauges  were  calibrated  using  various  commercial  cooking  foils.  The  results 
were  not  very  good,  different  makes  varied  between  .01 6  and  .019  in  thickness, 
there  was  variation  in  thickness  within  a  given  sample,  and  the  material  is  in  an 
unknown  half -hard  or  hard  condition  from  the  rolling  process.  Annealing  the 
commercial  foils  did  not  greatly  improve  the  results.  The  results  are  shown  in 
figs.  14-1 6. 

Conclusion 


In  conclusion  although  foil  gauges  only  indicate  peak  j^ressure  and  in  the 
present  state  of  development  are  only  accurate  to  approximately  —  10^  there  are 
many  requirements  for  which  they  can  be  very  useful. 

Within  R.A.R.D.E.  they  have  been  used  to  determine  pressure  contours  in 
muzzle  blast,  to  measure  the  order  of  detonation  from  bombs  by  establishing  a 
pressure/distance  relationship  and  to  estimate  the  pressures  in  a  rocket  efflux. 

From  the  enquiries  we  have  received  it  appears  that  further  work  might  be 
justified  to  improve  the  design  and  extend  the  pressure  range  at  both  ends. 

At  the  low  pressure  end  it  would  be  interesting  to  see  the  effect  of  the 

rise  time  of  the  pressure.  It  is  possible  that  the  system  would  work  on  other 

than  a  steep-fronted  shock  wave  providing  the  rise  time  is  short  compared  with  the 

natural  frequency  of  the  foil  diaphragm.  In  which  case  it  might  be  possible  to 

extend  the  pressure  range  down  to  0.5  psi  or  less,  where  the  shock  wave  begins  to 
decay  into  a  rounded  sound  wave. 
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At  the  other  end  of  the  scale  it  may  he  that  a  limit  will  he  reached 
where  the  stiff er  and  stronger  diaphragm  will  he  impulse-sensitive,  instead  of 
pressure-sensitive,  and  then  if  two  variables  -  Pressure  and  Time  -  are  involved, 
the  system  will  lose  its  attractiveness. 

Item  1.2  Piezo-electric  measurement  of  gun  blast  pressures  K.E.B.  Green, 

B2/r.  A.R.D.E. 


The  ’piezo-electric’  effect  has  been  known  since  very  early  eighteenth 
century;  however  the  first  serious  study  is  attributed  to  the  brothers  Curie,  Piere 
and  Jacques,  in  l880,  who  observed  and  measured  the  electrical  charges  produced  when 
certain  crystals  are  subjected  to  pressure. 

Piezo-electricity  is  defined  as  the  electrical  polarization  produced  by 
n^echanical  strain  in  crystals  belonging  to  certain  classes,  the  polarization  being 
proportional  to  the  strain  and  changing  sign  with  it.  It  is  a  reversible  effect, 
and  is  exhibited  by  many  natural  crystals,  notably  tourmaline,  quartz,  topaz, 
Rochelle  salt,  sodium  chlorate  and  tartaric  acid.  The  mechanical  strain  may  be 
produced  either  by  a  hydrostatic  pressure  around  the  crystal  or  a  unidirectional 
stress  along  a  particular  axis.  Some  crystals  respond  greatest  to  tri -axial  stress 
(e.g.  tourmaline)  and  others  to  uniaxial  stress  (e.g.  quartz). 

For  gun  chamber  pressure  recording  a  tourmaline  crystal  is  used  and  is 
subjected  to  the  gas  pressure  via  the  medium  of  a  grease  and/or  plasticine  material* 
Its  sensitivity  and  pressure  levels  are  such  that  a  single  crystal  can  give  a 
sufficiently  large  output  and  be  housed  in  a  convenient  size  gauge  body. 

For  blast  pressure  measurement  a  gauge  of  approximately  1 ,000  times  the 
sensitivity  is  required  and  use  of  tourmaline  is  impracticable.  The  greater 
sensitivity  of  quartz  when  X-cut  crystals  are  loaded  axially  is  used  and  even 
then  the  output  of  several  crystals  must  be  aggregated. 

Each  crystal  is  .02  inch  (.5  nim)  thick  and  just  under  1  inch  (25  mm)  dia. 
They  are  made  into  a  stack  of  12  gauges  with  positive-going  surfaces  alternately 
up  and  down  and  are  interleaved  with  thin  copper  foil  electrodes  .003  inch  (*075  ™i) 
thick.  These  are  all  stuck  together  with  a  low  melting  point  wax  with  a  .1  inch 
(2.5  ™i)  duralumin  pressure  plate  on  either  side  to  act  as  a  piston.  The  whole 
stack  is  sealed  with  a  pair  of  neoprene  diaphragms  into  a  steel  body  cell  (fig*  I). 

The  cell  is  itself  inserted  into  a  streamlined  baffle  which  allows  the 
blast  wave  to  pass  over  the  sensitive  measuring  surfaces  without  undue  disturbance 
or  attenuation  of  the  blast  wave.  This  is  a  bi-directional  gauge  and  is  used 
vertically,  pointed  towards  the  blast  source  such  that  both  direct  and  ground 
reflected  waves  see  the  gauge  body  edge  on.  The  gauge  itself  is  attached  to  an 
insulated  handle  which  preserves  the  streamline  effect  and  is  then  mounted  on  a 
lightweight  collapsible  stand  (fig*  2).  This  can  support  the  gauge  at  any  height 
up  to  about  6^  ft  (2*0  m). 

For  a  complete  survey  around  a  gun  barrel  up  to  six  gauges  are  used  at 
varying  distances  along  either  one  or  two  selected  azimuths  (from  muzzle  and  line 
of  fire)  depending  on  the  niomber  of  channels  available  in  the  recorder* 
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After  two  or  three  successful  rounds  with  this  set-up,  the  line  of  gauges 
will  be  moved  to  another  azimuth;  these  are  usually  selected  at  15  intervals. 

The  peak  pressures  are  measured  off  the  oscillograms,  plotted  for  each 
azimuth  against  distance  and  certain  pressures  interpolated  to  enable  isobars  to  be 
plotted  on  a  plan  around  the  gun  barrel. 

The  analysis  is  complicated  by  the  fact  that  in  general  the  gun  barrel  and 
the  gauges  are  not  at  ground  level  and  the  gauge  may  respond  separately  to  the 
direct  blast  wave  and  its  ground  reflection  arriving  a  few  milliseconds  later. 
However,  at  the  gauge  position  there  will  be  a  Mach  stem  wave  (the  direct  and 
reflected  v/ave  combined)  extending  from  the  ground.  The  height  of  this  Mach  stem 
increases  with  distance  from  the  gun. 

In  the  R.A.R.D.E.  it  is  usual  to  add  the  direct  and  reflected  peak 
pressures  and  to  regard  these  sums  as  a  measure  of  the  Mach  stem  pressure  existing 
at  the  gauge  position  to  enable  Mach  stem  isobars  to  be  plotted. 

Figs.  3~5  give  the  layout  of  gauges  for  a  particular  trial  in  which 
gauges  were  used  at  fixed  positions  to  record  blast  pressures,  with  and  without 
muzzle  brake. 

Fig.  6  shows  a  typical  blast  oscillogram  where  individual  gauge  positions 
varied  in  height,  distance  and  azimuth.  Gauges  forward  of  the  gun,  in  particular 
channel  9>  from  the  bottom,  record  the  projectile  bow  wave  followed  later  by  the 
blast  wave. 

Discussion 

The  physical  size  of  Piezo-electric  blast  gauges  introduces  an  error  into 
the  peak  pressure  measured.  If  the  radius  of  the  transducer  sensitive  area  is  6 
and  the  shock  wave  velocity  is  V  then  the  recorded  over-pressure  p^may  be  expressed 
approximately  as 


p'  =  p-(i  -  ) 

(  VT  ) 

where  T  is  the  positive  phase  duration;  the  shock  wave-form  is  here  assumed  to  be 
sharp  pointed  with  linear  decay. 

Accurate  plotting  of  blast  contours  around  a  gun  is  necessary  since 
small  movements  of  gun  crew  members  can  place  them  in  a  potentially  dangerous 
position. 

Item  1.3  The  measurement  of  noise  Dr.  M.A.  Elwood,  A.P.R.E. 

Noise  has  been  defined  as  unwanted  sound.  It  is  experienced  in  two 
distinct  forms  in  man-made  environments,  as  Continuous  Noise  generated,  for  example, 
by  vehicles  and  aircraft,  and  as  Impulsive  Noise  -  for  example,  ^hat  produced  by  a 
large  drop  hammer  or  by  guns.  Blast  may  be  regarded  as  a  sharp-rising  impulsive 
noise,  but  not  all  impulsive  noises  are  blast. 
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For  many  years  blast  has  been  measured  by  direction  sensitive  gauges,  of  a 
simple  mechanical  type,  for  example  the  rupturing  foil  gauges,  or  of  the  more 
sophisticated  piezo-electric  type.  The  orientation  of  these  gauges  must  be  taken 
into  account  before  interpreting  the  transient  peak  pressure  recorded. 

The  use  of  omnidirectional  microphones  has  formed  the  standard  technique 
for  measuring  continuous  noise  as  the  root  mean  square  value  of  the  sound  pressure 
level.  In  parallel  with  the  production  of  more  intense  noise  from  aircraft  engines, 
there  has  been  a  development  of  more  robust  microphones  which  has  permitted  their 
use  in  the  measurement  of  transient  peak  pressure  levels  up  to  a  few  psi.  It  is 
anticipated  that  the  use  of  a  one-eighth  inch  omnidirectional  condenser  microphone 
may  permit  reliable  measurements  up  to  about  10  psi.  The  precise  orientation  of 
such  a  small  microphone  may  not  be  so  important  as  with  the  relatively  large  blast 
gauges.  If  this  is  true  then  it  may  be  preferable  to  use  microphones  rather  than 
blast  gauges  to  assess  the  pressure  time  patterns  in  confined  or  restricted  spaces 
where  pressure  pulses  are  reflected  from  surrounding  surfaces.  Directional  Piezo¬ 
electric  blast  gauges  tend  to  produce  a  complex  pressure-time  history  in  these 
circumstances  which  is  difficult  to  interpret,  as  any  particular  spike  on  the  record 
may  be  an  incident  or  a  reflected  pressure  according  to  its  orientation  to  the  gauge, 
which  may  well  be  unknown.  In  the  same  way  the  orientation  of  a  mixture  of  pressure 
pulses  to  an  omnidirectional  microphone  may  be  unknown,  but  because  of  its  relatively 
wide  acceptance  angle  interpretation  may  be  easier. 

Often  pressure  measurements  are  required  for  the  identification  of 
evaluation  of  potential  hazards.  It  is  vitally  important  that  the  technique  of 
measurement  used  in  defining  any  criterion  for  human  safety  is  the  one  selected  for 
the  evaluation.  For  lung  injury  or  ear  driim  rupture,  measurements  have  been  made  with 
direction  sensitive  blast  gauges  in  the  side-on  mode.  Microphones  have  been  employed 
more  often  in  relation  to  inner  ear  damage.  . 

The  use  of  different  units  of  measurement  is  an  added  cojnplication.  The 
dB  is  the  unit  prefxerred  by  those  who  study  ’noise’  and  psi  for  those  working  on 
’blast’  .  Conversion  from  one  to  the  other  is  relatively  easy  with  a  nomogram 
(l  psi  =  170.8  dB,  referred  to  0.0002  dyne  per  sq  cm,  the  limit  of  ’normal’  audibility, 
as  zero).  As  further  examples  1  lb  per  sq  ft  =  127  dB;  5  Psi  =  'ISO  dB.  Conversion 
of  measurements  made  by  direction  sensitive  gauges  in  one  orientation  to  those 
appropriate  for  another  may  not  be  possible. 

V/ith  a  inch  crystal  microphone  there  is  a  2  to  5  dB  difference  between 
side  and  face-on  measurements.  The  difference  is  less  but  still  significant  with  an 
inch  microphone.  Similar  effects  are  observed  with  the  human  ear;  at  auditory 
levels  there  is  a  5  dB  difference  in  effect  between  side  and  face-on  noise. 

In  establishing  criteria  for  damage,  peak  pressure  must  be  linked  with 
duration.  Estimation  of  duration  is  simple  with  a  simple  impulsive  noise  where  it 
can  be  defined  as  the  time  for  pressure  to  return  to  its  base  level.  V/ith  oscilliatory 
noise  it  is  usual  to  define  duration  as  the  time  for  the  envelope  of  the  oscillationsto 
fall  by  20  dB  from  its  peak  level. 
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Item  2  Recoil  Measuring  Equipment  at  Meppen  Herr  Hornfeck,  P.R.G. 

In  all  work  to  determine  the  performance  of  muzzle  brakes  it  is  necessary 
to  determine  the  impulses  imparted  to  a  gun  barrel  with  and  without  such  fitments. 

The  usual  method  of  doing  this  is  by  measuring  velocities  of  recoil  under 
**free-recoil*’  conditions.  Actual  methods  of  measuring  velocity  will  be  described 
later  (Session  II  item  2);  this  presentation  is  concerned  with  a  free  recoil 
mounting. 


The  original  mounting  in  use  at  Meppen,  built  by  Rheinmetall  in  1958> 
could  not  handle  all  types  of  barrel  and  could  not  cope  with  maximum  performance 
conditions.  The  mounting  was  subject  to  considerable  vibration  and  was  difficult 
to  handle. 


In  designing  a  new  free  recoil  mounting  it  was  desired  that  these  short¬ 
comings  (due  mainly  to  the  fact  that  the  old  mounting  had  to  be  constructed  largely 
using  items  from  other  existing  equipments)  should  be  eliminated  and  that  the 
mounting  should  cope  with  at  least  all  barrels  from  90  to  155  ^  i^^  calibre, 
larger  if  possible. 

The  new  recoil  measuring  equipment  is  in  four  basic  parts 

1 .  The  recoiliuggcarriag§^^ . 

2.  the  runway  rail  bed, 

3*  the  bxiffer  recoil  system, 

4*  the  actual  barrel  under  test. 

Some  details  of  each  part  are  given  below. 

1 .  Recoiling  Carriage 

This  weighs  about  5»5  tons  and  is  made  of  unalloyed  cast  steel  and  runs 
on  4  track  wheels  with  side  pressure  rollers  to  damp  out  possible  vibration. 

The  effective  length  of  the  carriage  is  adjustable,  since  the  front  and 
rear  members  are  connected  by  tie-bars  whose  length  may  be  varied  to  suit  the  gun 
barrel  under  test. 

The  front  member  is  in  the  form  of  a  V-block  so  that  the  axis  of  the 
barrel  in  use  may  be  adjusted  to  ensure  that  the  centre  of  gravity  of  the  loaded 
carriage  lies  on  this  axis. 

The  rear  member  is  designed  to  take  the  shock  of  impact  with  the  recoil 
system  which  it  strikes  after  about  600  mm  of  free  recoil. 

Devices  for  measuring  recoil  velocity  are  mounted  under  the  front  part 
carriage. 
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2>  The  runway  rail  "bed 


The  rail  bed  is  also  of  cast  construction  and  is  secured  to  a  secure 
foundation  by  anchor  bolts# 

The  actual  rails  are  fitted  with  hardened  guide  ribs* 

3#  Buffer  recoil  system 


This  consists  of  a  hydraulic  buffer  and  a  hydro  pneumatic  recuperator  which 
are  both  mounted  in  an  anchor  plate  secured  to  the  equipment  foundation* 

The  most  important  elements  of  the  buffer  are  an  hydraulic  cylinder,  a 
piston  rod  with  the  buffer  piston  and  a  regulating  bush* 

When  the  carriage  strikes  the  head  of  the  piston  rod,  which  is  fitted  with 
a  rubber  pad  to  absorb  some  of  the  impact,  the  piston  is  forced  into  the  hydraulic 
cylinder  and  this  pushes  the  oil  with  which  it  is  filled  out  through  regulating 
grooves*  In  this  process  the  kinetic  energy  of  the  recoiling  carriage  is  converted 
into  heat*  Expansion  of  the  oil  due  to  this  heating  is  compensated  by  the  motion 
of  the  piston  rod  in  the  initial  position  of  the  recoil  system*  This  ensures  that 
there  is  no  initial  pressure  in  the  system  since  the  increase  in  volume  of  the  oil 
is  balanced  by  the  increase  in  effective  cylinder  volume  due  to  the  piston  rod 
motion  out  of  the  cylinder. 

The  hydro  pneumatic  recuperator  consists  of  a  storage  cylinder  with  an 
internal  recoil  recuperator  cylinder  and  a  recuperator  piston  and  rod.  This  piston 
rod  is  connected  to  the  buffer  piston  rod  by  a  cross  bar.  The  storage  cylinder  is 
filled  with  oil  so  that  its  level  is  above  the  recuperator  cylinder  with  the  space 
above  the  fluid  filled  with  nitrogen  initially  at  20  atmospheres  pressure.  Motion 
of  the  buffer  piston  on  recoil  compresses  the  nitrogen  further  and  when  recoil  is 
complete  the  expansion  of  this  gas  restores  the  equipment  to  its  initial  state* 

A  disc  valve  in  front  of  the  recuperator  cylinder  regulates  the  run  out 

velocity. 


4*  The  Test  barrel 


This  is  mounted  between  the  front  and  rear  parts  of  the  recoiling  carriage 

by  means  of  the  tie-bars;  correct  moianting  being  essential  to  ensure  valid  results. 

It  is  expected  that  this  new  recoil  measuring  equipment  will  come  into  use 

at  Meppen  early  in  19^9  and  that  it  will  be  of  great  value  in  the  future  testing  of 

muzzle  brakes  on  a  variety  of  weapons  especially  the  155  nim  FH  70* 

Measurement  techniques  used  with  this  equipment  are  described  in  a  later 
presentation* 
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Item  3  Muzzle  Brake  Model  Studies  F.  Smith,  D4/R*A.R.D.S 


Introduction 


The  problem  of  alleviating  the  recoil  of  guns  is  one  that  has  been  in 
existence  since  the  earliest  development  of  the  gun.  One  of  the  first  attempts 
to  use  the  combustion  gases  to  reduce  recoil  was  about  a  century  ago  by  the 
Frenchman,  Col#  Chevalier  Treville  de  Beaulieu  who  drilled  rearward  facing  holes  in  a 
rifle#  Since  then  there  have  been  a  large  number  of  full-scale  trials  of  muzzle 
brakes  but  it  is  difficult  to  obtain  from  them  logical  parametric  variations.  This 
problem  seems  to  provide  an  ideal  opportunity  to  make  use  of  model  experiments  but 
as  far  as  the  author  is  aware  the  only  such  tests  were  made  by  Oswatitsch  (ref.  1) 
in  1943i  using  2-dimensional  models  in  a  free  jet  sonic  wind  tunnel.  It  was  there¬ 
fore  decided  to  conduct  a  comprehensive  series  of  model  experiments  at 

R.A.R.D.E.  using  steady  flow  techniques  and  with  air  as  the  working  fluid  (theory  : 
predicts,  and  some  preliminary  experiments  showed,  that  the  effect  of  y  the  ratio  of 
specific  heats,  was  small).  It  was  also  decided  to  examine  the  theoretical  and 
experimental  information  on  the  expansion  of  free  jets  to  aid  interpretation  of  the 
model  results. 

Finally  a  rifle  was  mounted  on  a  ballistic  pendulum  and  used  to  sub¬ 
stantiate  the  steady  flow  results#  Pull  scale  tests  on  a  few  of  the  recommended 
brakes  are  in  hand  to  check  for  any  possible  scale  effect#  * 

Theoretical  considerations 


The  conventional  flow  pattern  for  an  underexpanded  sonic  jet  is  given  in 
fig.  1  It  is  seen  that,  within  the  boundary  of  the  jet  there  is  a  shock  surface 
joining  the  sonic  nozzle  to  a  normal  shock  -  the  Mach  disc.  This  is  often  referred 
to  as  the  shock  bottle,  and  for  most  practical  cases  muzzle  brakes  lie  within  the 
confines  of  the  shock  bottle.  The  flow  inside  the  shock  bottle  was  investigated  by 
characteristics  methods  by  Owen  and  Thornhill  (ref.  2)  in  1948.  They  were  the  first 
to  point  out  that  the  solution  within  the  bottle  is  a  universal  one  and  not  affected 
by  external  pressure,  although,  of  course,  the  extent  of  the  universal  flow  is 
limited  by  the  shock  bottle  size  which  is  determined  by  external  conditions.  They 
gave  the  axial  distribution  of  variables  within  the  bottle  (fig.  2). 

More  recently,  Sherman,  19^3  (ref#  3)  used  characteristics  solutions  to 
produce  an  empirical  relation  for  the  radial  variation  of  variables  and  Thornhill, 
1965  (ref#  4)  has  produced  a  similarity  solution  for  the  far  field  flow  giving 
radial  distributions  (fig.  3)* 

The  geometry  of  the  jet  boundary  and  shock  bottle  has  been  investigated 
experimentally  by  Love  et  al  (ref.  5) >  Bier  and  Schmidt  (ref.  6)  and  Vick  et  al 
(ref.  7). 


From  all  these  sources  it  is  possible  to  obtain  a  fairly  good  idea  of 
the  distribution  of  pressure  and  momentum  within  the  shock  bottle  and  of  the 
dimensions  of  the  shock  bottle  and  jet  boundary  for  the  pressure  ratios  applicable 
to  the  muzzle  brake  operating  range  and  for  the  region  close  to  the  muzzle  of  a 
gun.  With  this  information  we  can  consider  the  following  simple  model# 
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Suppose  a  flat  disc  with  a  central  hole,  simulating  a  simple  muzzle  brake, 
is  placed  on  the  axis  of  a  free  jet  at,  say,  1  calibre  from  the  nozzle.  If  we 
suppose  that  the  surface  of  the  disc  either  absorbs  all  the  gas  which  would  other¬ 
wise  pass  through  its  boundaries  or  deflects  this  flov/  away  normal  to  the  axis 
without  disturbing  the  external  flow,  then  it  is  possible  to  calculate  the  thrust 
which  would  act  on  this  surface.  We  will  define  the  fraction  of  the  total  thrust 
acting  on  the  surface  as  V  ,  which  may  be  regarded  as  an  Aerodynamic  Index  and  it  is 
equal  to  (momentum  destroyed  by  brake)  ^  (total  gas  momentum).  Thus 

Recoil  momentum  =  shot  momentum  +  gas  momentum  (l+h) 

7?  =  1  is  equivalent  to  complete  deflection  of  the  jet  through  90°  and  h  =  2  is  the 
maximum  possible  value  when  all  flow  is  completely  reversed. 

Now  as  the  pressure  ratio  p  is  increased  (p  =  stagnation  pressure 
divided  by  ambient  pressure)  the  shock  bottle  and  jet  boundaries  expand  (fig.  4). 

At  first,  if  the  central  hole  is  equal  to  or  greater  than  the  nozzle  diameter,  all 
the  flow  will  pass  through  the  central  hole  giving  a  zero  value  to  r)  (point  A  on  |■ig.5)• 
Then  as  p  increases  the  jet  boiondary  and  then  the  shock  bottle  will  expand  \intil 
they  both  meet  the  surface  of  the  disc.  The  flow  through  the  central  hole  is  now 
fully  established  and  the  thrust  corresponding  to  this  flow  will  not  be  affected  by 
further  pressure  ratio  increase.  Thus  r)  equals  unity  less  the  thrust  fraction  lost 
through  the  central  hole.  This  is  shown  by  point  B  in  fig.  5*  Further  increase  in 
"p^  leads  firstly  to  the  jet  boundary  passing  aroimd  the  outside  of  the  disc  (point  C) 
and  secondly  to  the  shock  bottle  escaping  aroimd  the  disc  (point  D) .  The  flow  is 
now  fully  established  over  the  whole  disc  and  r)  equals  the  thrust  fraction  over  whole 
disc  less  the  thrust  fraction  over  central  hole.  Further  increase  in  p  will  not 
alter  .  ° 


The  picture  will  change  at  a  different  axial  position.  For  example,  at 
2.5  calibres  from  the  nozzle  (x  =  2.5)  the  diagrammatic  relation  becomes  the  dotted 
curve  of  fig.  5*  It  is  possible  to  relate  77  to  x,  and  fig.  6  shows  the  curve  for 
the  same  case  for  large  pressure  ratios  where  the  flow  is  fully  established. 

As  will  be  seen  later  this  simple  model  gives  a  close  fit  to  the  experimental 
results  and  we  are  now  able  to  make  some  deductions  relevant  to  the  design  of  muzzle 
brakes. 


Firstly,  the  77  -  x  curve  (fig.  6)  shows  an  optimiim  position  for  a  given 
baffle.  TThisaarises  from_the  combination  of  the  loss  of  flow  through  the  central 
hole  which  decreases  with  x  and  the  loss  external  to  the  disc  surface  which  increases 
with  X. 


^  than  it 
outgassing 


Secondly,  the  disc  is  ffior©  efficient  at  low  (and  impracticable)  values  of 
is  at  larger  values  of  p  ,  typical  of  those  prevailing  during  the 
of  a  gun  barrel. 
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From  the  above  observations  it  follows  that  a  good  muzzle  brake  could  be 
achieved  by 

(i)  placing  the  central  hole  as  far  from  the  muzzle  as  possible, 

(ii)  placing  the  outer  boundary  as  close  to  the  muzzle  as  possible, 

(iii)  extending  the  barrel  with  a  shaped  end  designed  to  constrain  the  flow 
and  simulate  the  shock  bottle  shape  at  the  highly  efficient  low  values  of  "p  .  (This 
can  only  be  partially  achieved  since  a  gap  must  be  left  for  the  flow  to  escape  from 
the  disc) • 

Considerations  (i)  and  (ii)  imply  that  the  brake  surface,  instead  of  being 
flat,  should  be  ^’dished”,  that  is,  it  should  be  a  truncated  conical  surface  with  the 
larger  diameter  nearer  to  the  muzzle.  The  angle  9  is  then  defined  as  the  angle 
between  the  cone  generator  and  the  normal  to  the  cone  axis.  A  zero  value  for  Q  thus 
defines  a  flat  disc. 

This  shape  has  two  further  advantages: 

(a)  Such  a  shape  presents  a  surface  roughly  normal  to  the  expanding  jet 
streamlines,  giving  rise  to  a  strong  normal  shock.  The  subsequent  subsonic  flow 
appears  to  be  readily  deflected  outwards* 

(b)  Arising  from  (a)  the  flow  is  directed  more  to  the  rear.  This  suggests 
that  the  simple  theory  can  be  extended  to  give: 

riQ  ^  (1  +  sin  0) 

Experiments  substantiate  this  flew  model  up  to  values  of  6  of  60^. 

Consideratior^(iii)  is  achieved  by  extending  the  barrel  with  a  shape  based 
on  the  jet  boundary  at  p  «  10  which  corresponds  to  the  peak  efficiency  shown  in 
fig.  5*  The  gap  between  the  extension  and  the  surface  varied  in  the  model 
experiments  but  a  gap  of  at  least  0.5  calibres  was  desirable. 

Earlier  theories  were  based  on  a  series  of  turning  vanes  and  on  the 
escape  area  between  the  vanes.  A  single  turning  vane  is  found  to  be  inefficient 
since  the  flow  on  the  concave  surface  tends  to  separate  between  the  leading  and 
trailing  edges,  resulting  in  a  small  turning  angle.  The  use  of  multiple  vanes 
increases  the  efficiency. 

When  the  brake  surfaces  or  the  barrel  extension  seriously  impedes  the 
escaping  flow  then  the  escaping  area  becomes  important  and  the  simple  theory 
explained  above  must  be  modified. 


This  was  deduced  from  some  unpublished  tests  in  a  shock  tube  with 
side  duct  by  N.B.  Wood,  R.A.R.D.E. 
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Experimental  results 


Most  of  the  experiments  were  made  on  the  rig  shown  in  fig.  7  in  which  a 
free  jet  at  100  Ib/in  gaiige,  exhausted  into  an  evacuated  chamber  at  pressures  down 
to  a  few  millimeters  of  mercury.  The  supply  air  was  ducted  to  the  rig  through 
flexible  joints  and  the  reaction  of  the  floating  rig  could  be  measured  on  a  spring 
balance.  Tests  with  and  without  baffle  surfaces  enabled  values  of  77  to  be  obtained. 

Results  of  model  tests  on  a  flat  disc  of  2.0  calibres  outer  diameter  and 
1.125  calibres  inner  diameter  are  shown  in  fig. 8a  and  compared  with  the  theoretical 
results  described  above.  It  will  be  seen  that  the  agreement  is  remarkably  good 
even  at  the  points  A,B,C,D  of  the  theoretical  model.  Fig.  9  compares  theory  and 
experiment  for  a  dished  surface,  varying  x;  again  the  agreement  is  good. 

The  distribution  of  pressure  over  a  few  typical  baffles  was  measured  for 
some  values  of  x  near  the  optimum  position.  A  typical  result  for  the  pressure 
loading  on  the  surface  is  given  in  fig.  8b.  First,  the  integrated  load  matches  the 
thrust  measurement  closely,  as  it  should.  Second,  the  distribution  at  low  pressure 
is  consistent  with  the  theory  of  the  movement  of  the  shock  bottle  over  the  surface. 

A  wide_r^ge  of  models  were  tested  covering  variation  of  inner  diameter, 
outer  diameter,  x,p,  0  and  barrel-extension  shape.  In  addition,  cowled  brakes, 
pepper-pot  brakes,  slotted  barrels  and  the  effect  of  brake  support  were  all  examined 
experimentally  and  the  theoretical  model  extended  to  cover  these  cases.  For  models 
of  multiple  baffle  surfaces  the  optimum  position  for  the  first  surface  was  fouind  and 
then  a  second,  and  subsequently  a  third,  surface  was  added  and  optimised.  Results 
for  a  brake  of  2.5  calibres  OD,  1.125  calibres  ID  and  fl  =  40  are  shown  in  fig.  10. 
From  a  large  number  of  such  tests  the  curves  of  fig.11  and  12  could  be  obtained 
summarising  the  optimum  for  that  particular  type  of  brake.  In  all,  some  5OO  brakes 
were  tested  in  a  3-naonth  period  which  is  a  good  indication  of  the  usefulness  of  the 
model  testing  technique. 

Some  additional  tests  were  made  with  a  7*62  mm  service  rifle  mounted  on  a 
ballistic  pendulum  and  the  recoil  was  measured  with  and  without  brakes.  A  few  of  the 
brake  designs  were  chosen  for  the  tests  and  a  comparison  is  shown  in  the  table  below. 

Comparison  of  values  of  r?  derived  from  steady 

flow  experiments  and  those  derived  from  tests 

on  a  7« 62  mm  rifle 


No. 

Description 

77  from 
rifle 

* 

77  from 
steady  flow 

1 

Flat  brake 

0.48 

0.49 

2 

Dished  brake 

(0=20°) 

0.69 

0.67 

3 

Ditto  with  barrel 
extension 

0.69 

0.72 

4 

As  3  with  2 
baffles 

1.00 

1.02 

*  — 

Averaged  for  p^  =  100  to  5OO 
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The  agreement  is  very  good,  indicating  that  the  assumptions  made  about  77  and  steady 
flow  were  justified. 

A  short  series  of  full-scale  tests  are  planned  to  give  information  on 
other  model  scale  effects. 

Blast  experiments 

A  7*6  mm  rifle  was  used  to  determine  the  blast  distribution  aroiand  a  gun. 
After  preliminary  experiments  with  a  transducer  it  was  decided  to  use  a  spark  source 
to  obtain  the  blast  wave  shape  and  velocity  from  which  the  local  overpressure  could 
be  deduced.  Pigs.  I3a-d  shows  some  typical  instantaneous  photographs  of  blast 
waves.  The  effect  of  muzzle  brakes  on  the  pattern  is  very  noticeable. 


Pig.  14  shows  some  typical  distributions  of  overpressiire  deduced  from 
these  results.  Interpretation  of  these  distributions  depends  on  the  position  of 
the  observer,  but  to  illustrate  the  practical  application,  values  of  overpressure 
close  to  the  breech,  have  been  considered,  and  the  position  near  the  breech  where 
the  overpressure  is  2*5  psi  (175^  of  atmospheric  pressure)  deduced.  This  position  1 
has  been  plotted  against  77  for  the  brakes  tested  fig.  15.  Of  course  the  distance 
from  the  muzzle  increases  with  77  for  all  types  of  brakes.  However  some  designs 
are  less  noisy  than  others  for  the  same  efficiency. 

These  conclusions  would  of  course  be  quite  different  for  other  crew 
positions  e.g.  the  crew  of  a  neighbouring  gion. 

Conclusions 

The  object  of  these  model  tests  was  to  supply  the  designer  with  a 
consistent  parametric  study  of  the  muzzle  brake  problem.  This  object  was  achieved 
together  with  a  theoretical  explanation  based  upon  a  simple  theoretical  model  and 
this  should  enable  the  experimental  results  to  be  extended  to  future  designs 
without  the  necessity  of  resorting  to  further  experiments. 
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Item  4  Experimental  Full  Calibre  Firings  G.R,  Nice,  B2/r« A.R.D.E. 
Introduction 


This  presentation  is  an  attempt  to  link  the  model  studies  described  in  the 
previous  paper  with  the  practical  designs  to  be  discussed  in  the  next.  It  will  be  a 
brief  accoiint  of  full  calibre  firings  made  by  the  Ballistics  Branch  of  R.  A.R.D.E. 
at  Woolwich  in  confirmation  of  the  model  work  and  in  the  course  of  other  experimental 
investigations. 

3  Experimental 


In  our  firings  the  prime  quantities  measured  have  been  the  blast 
distribution  around  the  gun  and  the  efficiency  of  the  brake  in  reducing  recoil 
of  the  gun. 

For  the  blast  measurement  we  have  used  the  foil  gauges  already  discussed  at 
some  length.  The  efficiency  of  the  brake  is  measured  using  a  "free  recoil  mounting" 
very  similar  to  that  described  in  item  2.  This  consists  of  a  pair  of  fairly  massive 
horizontal  rails  on  which  a  wheeled  trolley  carrying  the  gun  can  run.  The  gun  is 
fired  with  the  trolley  carriage  pushed  forward  and  it  recoils  virtually  freely  along 
the  rails  for  ten  feet  or  so  until  arrested  by  a  buffer  pad  connected  to  a  hydraulic 
energy  absorbing  system  (fig#  l).  . 

Recoil  velocity  is  measured  from  a  high  speed  framing  camera  record, 
which  also  shows  flow  of  gases  from  the  muzzle,  and  by  a  magnetic  pick-up  device 
in  which  a  magnet  fixed  to  the  recoil  trolley  passes  near  to  a  number  of  fixed 
coils;  the  voltage  induced  in  the  coils  is  recorded  on  a  cathode  ray  oscilloscope 
fitted  with  a  drum  camera.  A  close  up  view  of  the  gun  in  the  mounting  is  shown 
at  fig.  2. 

The  system  has  been  used  with  a  variety  of  guns  ranging  from  a  6 
pr  gun,  calibre  57  mm,  to  a  Naval  4*5  in  gnn.  The  former  has  been  used  for  the 
majority  of  experimental  studies. 
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The  theoretical  aspects  on  muzzle  brakes  will  not  be  discussed  in  detail 
but  some  indication  of  the  methods,  used  in  analysing  results  may  be  helpful. 

Muzzle  brake  efficiency  is  quoted  as  a  reduction  in  recoil  energy  from 
the  formula  defining  the  intrinsic  efficiency,  E, 


as 


E  =  1 


wt.  of  gun  and  brake  ^  recoil  energy  with  brake 

wt.  of  gim  recoil  energy  without  brake 


We  have  also  used  a  coefficient  B  defined  as 


post  ejection  momentum  with  brake 

^  post  ejection  momentum  without  brake 

E  and  B  are  related  by  the  expression  E  =  aB  (2-aB),  where  a  is  the  ratio  of  post¬ 
ejection  momentum  to  total  momentum, 

may  be  calculated  from 

KC  (1  +  C/12W) 

(W  +  iC)  V  +  KG  (1  +  C/12W) 

where  C  =  Charge  weight 
W  «  Shot  weight 
R  =  Gas  constant 

T  =  Mean  gas  temperature  at  shot  ejection 
Muzzle  Velocity 

K  is  a  n\americal  constant  depending  on  y  the  ratio  of  specific 
heats  of  propellant  gases  for  y  =  1.25  K  =  1*35 

This  formula  is  obtained  by  calculating  momentxim  using  simple  Hugoniot 
theory.  This  is  much  simpler  to  apply  than  other  more  sophisticated  theories 
(e.g.  Rateau  and  Corner)  and  is  not  inferior  as  in  acciiracy  with  regard  to  total 
momentum  thoxigh  it  \mder-estimates  momentum  fliox  initially  and  over-estimates  it 
finally. 


We  have  obtained  good  agreement  for  practically  measured  and  calculated 
values  of  B  for  values  of  C/w  up  to  about  O.5  after  which  the  Hugoniot  theoiy 
tends  to  brake  down  and  this  gives  confidence  in  the  theoretical  predictions  of 
the  performance  of  various  brake  configurations. 

Results 


A  wide  variety  of  brakes  have  been  fired,  some  are  shown  in  figs.  3a  and  b 
and  they  have  included  experimental  high  efficiency  designs,  where  almost  complete 
recoillessness  has  been  achieved,  full  calibre  versions  of  model  brakes  and  brakes, 
with  and  without  additional  attachments,  designed  to  reduce  blast  in  the  crew  area 
of  a  field  weapon. 
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The  full  calibre  versions  of  the  model  brakes  (figs.  4a  and  4b)  have 
given  very  good  agreement  with  the  small  scale  results.  Comparison  of  full  calibre 
and  model  brakes  is  somewhat  involved  because  of  the  need  to  introduce  scaling 
corrections  for  all  factors  charge  weight,  shot  weight  calibre  etc.  and  to  adjust 
for  necessarily  different  propellant  parameters.  When  all  this  is  done  a  typical 
result  is  that  a  model  brake  for  which  r;  =:  ,76  at  p  =  5OO  gave  7/  =  *73  at  p"  =  87O 
in  a  full  Calibre  experiment. 

It  is  felt  that  sufficient  data  is  now  available  to  enable  a  brake  to 
give  virtually  any  efficiency  required  in  a  specific  case  to  be  designed. 

Attempts  at  producing  high  efficiency  without  the  increase  in  blast  at 
crew  stations  which  normally  results  from  the  rearward  deflection  of  gases  have 
not  been  so  successful. 

Attempts  to  confine  the  deflected  blast  temporarily  to  slow  down  the 
gases  so  as  to  eliminate  the  shock  front  have  failed  almost  completely  (fig.  5)* 

The  most  encouraging  results  have  been  obtained  with  a  very  simple  type 
Of  fitment,  the  Pepperpot  (fig.  6)  which  has  given  worthwhile  efficiencies  40-50^ 
without  much  increase  in  blast. 


SESSION  II  -  DEVELOPMENT 


Item  1  Experimental  Muzzle  Brakes  P.B.  Shilstone,  Bi/r. A.R.D.E. 

I  would  like  to  start  by  outlining  the  history  of  muzzle  brakes  as  seen 
from  this  coiintry. 

Ever  since  the  first  gun  was  made,  some  time  in  the  14th  century,  there 
has  been  a  continuous  quest  to  throw  heavier  projectiles  to  even  greater  ranges 
from  lighter  and  more  mobile  equipments. 

Many  problems  had  to  be  solved  with  regard  to  the  better  control  of 
giinpowder  and  the  manufacture  of  guns  to  withstand  higher  pressures. 

By  the  19th  century,  another  problem  was  becoming  apparent  -  namely 
that  of  recoil.  There  is  a  record  of  this  being  a  nuisance  in  warships  as  early  as 
1689.  The  equipments  of  those  days  were  allowed  to  run  backwards  when  fired, 
which  meant  that  they  had  to  be  manhandled  into  position  before  firing  the  next 
round.  In  1815>  at  Waterloo,  it  was  recorded  that  the  giinners  were  so  fatigued 
by  this  chore  that  tjieybbecame  unable  to  relay  their  guns. 

I  think  it  is  interesting  to  observe  that  the  problem  of  recoil  was 
first  tackled  at  its  source  by  the  invention  of  the  muzzle  brake,  rather  than  by 
attempting  to  devise  a  recoil  system. 
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In  fact,  in  the  Rotunda  Museiim  at  Woolwich,  a  bronze  9  pr,  13^  cwt  gun 
is  shown,  the  chase  of  which  is  drilled  with  30  x  inch  rearward  facing  holes  set 
at  an  angle  of  about  45  •  is  said  to  have  been  used  in  an  experiment  in  1862, 
the  results  of  which  showed  that  although  recoil  was  reduced,  there  was  also 
considerable  reduction  in  velocity  and  range,  and  mention  of  crew  discomfort. 

In  the  same  year,  the  French,  persuaded  by  Colonel  Beaulieu,  carried  out 
much  more  successful  trials  with  a  l60  mm  naval  gun,  having  36  holes,  60  ram 
in  diameter,  also  inclined  at  45  io  the  rear.  A  13%  reduction  in  recoil  was 
reported,  with  a  loss  in  muzzle  velocity  of  only  l/l6th  -  the  accuracy  was  said  to 
have  been  doubled. 

However,  no  general  use  of  muzzle  brakes  was  made  until  after  perfection 
of  the  recoil  system.  This  was  achieved  by  the  German  engineer,  Haussner,  in  l888, 
aind  successfully  applied  by  the  French  to  a  75  nira  field  g\in  in  1897* 

It  was  soon  realized  that  although  the  ”buf fer-recuperator"  recoil  system 
allowed  the  forces  on  the  carriage  to  be  kept  within  reasonable  limits,  the  price 
of  greater  reduction  in  forces  was  -  increased  length  of  recoil  and  increased 
equipment  weight.  For  a  given  gun  there  is  an  optimum  length  of  recoil  for  minimum 
size  and  weight  of  the  whole  equipment. 

Weapon  designers  then  returned  to  the  idea  of  the  muzzle  brake  to  assist 
in  their  continuous  quest  for  higher  performance  from  higher  equipments. 

So  it  was,  that  from  about  l888  onwards,  designers  produced  a  vast 
multitude  of  various  designs  of  muzzle  brake. 

From  the  theoretical  stand-point,  the  physicist  Hugoniot  published  a 
paper  in  l886,  dealing  with  flow  of  gases  from  an  infinite  container.  This  was  an 
important  landmark,  and  most  subsequent  theoretical  studies  have  Hugoniot* s  work 
as  a  basis  of  investigation. 

During  the  first  World  War,  the  French  took  a  keen  interest  in  muzzle 
brakes,  and  after  the  war  they  invited  A.  Rateau,  the  thermodynaraicist  and  steam 
turbine  designer  to  study  the  problem.  The  result  was  the  first  comprehensive 
paper  on  the  subject,  containing  theories  and  formula  for  design,  which,  except 
for  some  slight  changes,  are  still  in  use. 

Rateau  applied  the  basic  principles  of  convergent-divergent  nozzles  to 
muzzle  brakes,  departing  from  the  type  of  design  then  current,  which  amounted  to  an 
annular  plate  placed  around  the  path  of  the  emerging  projectile. 

In  1918>  Galliot  and  Bory  of  France,  produced  a  muzzle  brake  on  Rateau* s 
principles,  which  was  reported  as  being  highly  efficient,  and  under  certain 
circumstances,  capable  of  eliminating  recoil.  The  work  of  these  men  continued 
throughout  the  inter-war  period.  As  late  as  1943>  trials  in  this  country  were 
carried  out  with  a  GALLIOT  BRAKE  on  a  17  pr  anti-tank  g\m.  The  results  showed  a 
reduction  in  recoil  energy  of  81^^,  but  excessive  back  blast  occurred,  and  the 
brake  failed  mechanically  after  only  a  few  rouncJshad  been  fired. 
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During  World  War  Two  a  great  deal  of  work  was  carried  out  in  Germany, 
notably  by  Oswatitsch,  at  the  Kaiser  Wilhelm  Institute  of  Flow  Research  at 
Gottingen.  This  was  based  largely  on  a  series  of  the  excellent  ’^Schlieren*’ 
photographs,  showing  gas  flow  through  model  muzzle  brake  configurations.  Although 
the  models  v/ere  only  two  dimensional,  and  the  gas  velocities  relatively  low, 

(up  to  Mach  1*17)  the  work  indicated  the  importance  of  shock  waves  and  claimed 
advantages  for  certain  baffle  shapes.  During  this  period  large  numbers  of 
diffei'ent  designs  were  manufactured  and  tried.  The  two-baffle  brake  chosen  for 
the  17  pr  anti-tank  gun  is  an  example  of  one  of  these  German  designs  adopted  fpr 
British  use. 

The  standard  British  design  methods,  which  are  due  to  Corner  and  others, 
date  from  1942,  and  are  based  largely  on  previously  existing  theories,  such  as 
those  of  Hugoniot  and  Rateau.  The  most  important  simplifying  assumptions  made  by 
these  investigators,  and  embodied  in  these  standard  methods  are:- 

(i)  The  gun  acts  as  a  convergent-divergent  nozzle,  with  a  throat  area 
equal  to  that  of  the  bore. 

(ii)  The  effect  of  shock  waves  in  the  gas  can  be  neglected. 

(iii)  That  the  state  of  flow  at  any  instant,  is  the  same  as  that  which 
would  be  set  up  in  a  steady  flow,  with  the  reservoir  pressure  existing  at  that 
instant. 


(iv)  That  the  effect  of  co-volume  can  be  corrected  for  by  a  factor. 

A  great  deal  of  attention  was  paid  to  this  subject  by  Britain  during 
World  War  Two,  and  a  good  example  of  British  work  of  that  time  is  the  so  called 
3  G  turbine  type  “Streamline**  muzzle  brake,  developed  jointly  by  Mr.  C.  Gibbs, 

(later  Sir  Claud  Gibbs)  >  Dr.  C.L.  Guy  and  Dr.  H.J.  Gough,  in  conjunction  with  the 
Gun  Design  Committee.  Although  brakes  of  this  type  were  found  to  give  the  high 
efficiencies  bf  the  complex  Galliot  version,  they  also  suffered  from  excessive 
back  blast.  (Probably  12-15  psli  in  the  crew  positions).  In  addition,  they  proved 
to  be  somewhat  unreliable  mechanically,  were  difficult  to  manufacture  and  were 
extremely  heavy. 

Fig.  1  shows  some  typical  designs  of  that  periodr^i  and  indicates  their 
gross  EFFICIENCY,  which  may  be  defined  as  the  percentage  reduction  in  free  recoil 
energy  which  occurs  when  the  brake  is  attached  to  the  recoiling  mass.  On  these 
terms,  aerodynamic  or  momentum  performance,  which  is  the  object  of  all  designs, 
is  apparently  enhanced  by  the  dead  weight.  With  the  heavier  designs  this  amounts 
to  some  5^  at  85^  and  increases  for  lower  efficiencies  to  about  10^  at  70^*  As 
a  dead  weight  gbOK©  some  could  achieve  about  20^^  gross  efficiency. 

Modem  muzzle  brake  design  in  this  establishment  is  backed  up  by 
practical  work  in  which  efficiency  is  measured  by  means  of  a  free  recoil  trolley, 
v/hich  facilitates  direct  measurement  of  maximum  velocity  of  free  recoil.  It  is 
then  a  simple  matter,  from  readings  taken  with  and  without  the  muzzle  brake, *tbj 
deduce  the  percentage  reduction  in  free  recoil  energy  due  to  gas  action.  This  is 
the  definition  of  Intrinsic  Efficiency.  If  no  correction  is  made  for  the  additional 
mass  of  the  brake,  then  the  term  **gross  efficiency**  is  used. 
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Momentum  index  B  can  also  be  deduced  from  free  recoil  trolley  results, 
relationship  thats- 

Total  momentum  of  free  recoiling  mass - (l) 

(Momentum  added  up  to  shot  ejection - (2)) 

(Momentum  added  after  shot  ejection  without  a  muzzle  brake  x  (l-B)  - (3))« 

(1)  Total  momentum  of  free  recoiling  mass,  =  Recoiling  mass  x  maximum 
recoil  velocity. 

(2)  From  empirical  formula,  momentum  added  up  to  shot  ejection  = 

(^  charge  mass  +  projectile  mass),  (muzzle  velocity). 

(3)  By  subtracting  (1)  from  (2)  we  obtain  the  momentum  added  after  shot 
ejection,  or  in  other  words  (3)  the  momentum  added  after  shot 
ejection  without  a  muzzle  brake  x  (i-B). 

Therefore  Momentum  Index  B  = 

Momentum  added  after  shot  ejection  with  brake. 

Momentxim  added  after  shot  ejection  without  brake. 

The  Momentum  Index  B  is  intended  to  be  a  constant  solely  dependent 
upon  the  geometry  of  the  muzzle  brake. 

The  normal  requirement  is  that  a  muzzle  brake  shall  be  light,  strong  and 
simple  to  manufacture.  This,  together  with  limitations  imposed  by  back  blast, 
means  that  very  high  efficiencies  are  not  practicable,  and  moderate  values,  in 
the  region  of  20-40/S  have  had  to  be  accepted#  Nevertheless,  this  represents  an 
appreciable  reduction  in  recoil  energy,  and  is  very  welcome  to  the  moimting 
designer.  A  good  example  is  the  two-baffle  design  used  for  the  105  mm  ABBOT 
gim,  giving  a  modest  efficiency  of  about  40^  at  supercharge. 

During  the  development  of  the  ABBOT  muzzle  brake,  the  experimental 
muzzle  brake  shown  in  figs.  2a  and  b  was  produced.  This  was  nick-named  the 
Umbrella  Brake,  and  is  of  interest  because  it  served  to  underline  difficulties 
in  the  application  of  moment\im  index,  and  also  because  it  achieved  exceptionally 
high  intrinsic  efficiencies.  It  fitted  two  gums  of  totally  different  character, 
namely  the  Abbot  field  gim,  with  a  charge  to  projectile  weight  ratio  of  about  1  to  5 
and  a  105  nmi  Tank  gun  using  a  ratio  approaching  1  to  1 .  When  fitted  in  turn  to 
these  guns,  the  intrinsic  efficiencies  were  5®/^  respectively,  but  the 

measured  momentum  index,  which  should  have  remained  imaltered,  was  I.84  and 
2.94  respectively.  The  need  for  a  more  consistent  measure  of  performance  was  now 
apparent . 


using  the 


+ 


I  think  it  is  interesting  to  note  that  up  to  this  time,  efficiencies  of 
over  Qofo  had  only  been  thought  possible  with  smoothly  stream-lined  brakes,  such 
as  those  of  Galliot  or  the  three  G’s. 
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An  entirely  new  light  has  recently  been  thrown  on  muzzle  brake  design 
by  the  three  dimensional  model  testing  work,  carried  out  by  D4  branch  of  this 
establishment  and  reported  in  Session  1 ,Item  3*  Good  correlation  is  being  obtained 
with  full  scale  brakes  together  with  a  useful  guide  as  to  the  back  blast  which  can 
be  expected. 

A  most  interesting  aspect  of  this  work  was  the  creation  of  Aerodynamic 
Efficiency,  which  now  provides  a  true  constant,  solely  dependent  on  brake  design. 

It  deals  with  the  change  in  total  gas  momentum  brought  about  by  the  brake. 

The  Aerodynamic  Index  t)  is  expressed  by  using  the  relationship*  that: - 

Total  momentum  of  free  recoiling  mass - (l) 

=  (Projectile  momentum  - (2)) 

+  (Total  gas  momentum  without  muzzle  brake  x  (I-77) - (3))- 

Total  momentiim  of  recoiling  mass  ( 1 )  =  recoiling  mass  x  maximum  recoil 

velocity. 

Projectile  momentum  (2)  x=  Projectile  mass  x  muzzle  velocity. 

By  subtracting  (2)  from  (1)  we  obtain  the  momentum  added  by  the  gases, 
or  in  other  words  the  momentum  added  by  the  gases  without  a  muzzle  brake  x  (l-7j). 

V/here  Aerodynamic  Index,  77, 

_  ^  ^  Momentum  added  by  gases  with  brake. 

Momentum  added  by  gases  without  brake. 

=  Momentum  destroyed  by  the  brake. _ 

Momentum  added  by  gases  without  brake. 

I  would  like  now  to  point  out  the  differences  between  these  two  indices  of 
performance s- 

The  momentum  index  Relationship,  due  to  the  division  between  before  and 
after  shot  ejection,  leaves  a  gas  momentum  terra  in  the  expression  for  momentum  up 
to  shot  ejection  (2),  which  is  not  seen  by  the  momentum  index  term  (1-B)  in  (3)* 

This  leads  to  inconsistencies  at  higher  charge  to  projectile  weight  ratios,  that  is, 
at  higher  muzzle  velocities,  where  gas  momentum  before  shot  ejection  is  not  negligible. 

The  Aerodynamic  index  does  not  suffer  from  this  difficulty,  and  will,  I 
am  sure,  in  future  provide  a  much  better  basis  for  comparing  different  full  scale 
muzzle  brakes,  as  well  as  for  interpreting  the  results  of  model  testing. 
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However,  the  distinction  between  before  and  after  shot  ejection  momentum 
is  necessary  when  designing  recoil  systems,  and  momentum  Index  B  is  used  when 
employing  the  analogue  computer  in  recoil  system  calculations.  Momentum  Index  can 
of  course  be  ded.uced  from  the  Aerodynamic  Index  for  a  given  internal  ballistic 
solution.  The  point  being  that  the  Momentum  Index  varies  with  the  internal  ballistic 
solution,  but  the  Aerodynamic  Index  does  not. 

Returning  now  to  the  Umbrella  Brake. 

Although  the  momentum  index  varied  from  I.84  to  2.94  the  Aerodynamic 
Efficiency  remained  virtually  constant,  giving  values  of  136^6  and  138?^  when  used 
with  the  two  different  g\ms. 

Current  work  at  R.A.R.D.E.  is  based  on  the  results  of  model  testing, 
backed  by  field  trials.  A  combination  of  diaphragm  and  piezo-electric  blast 
gauges  is  used.  The  various  efficiencies  are  measured  by  use  of  the  free  recoil 
trolley. 


Experimental  brakes  for  the  105  mm  Light  Gun  are  shown  in  fig.  3*  The 
two-baffle  brakes  vary  in  baffle  cone  angle. 

The  intrinsic  efficiency,  momentum  index  and  aerodynamic  efficiencies  are 
shown  for  different  charges.  All  are  measured  values,  bpt  the  aerodynamic  efficiencies 
agree  within  5?^  with  values  deduced  from  the  published  model  test  data.  •  . 

Pigs.  4  to  6  show  blast  over-pressure  charts  for  these  light  gun 
experimental  brakes  for  various  charges.  Pig  7  compares  over-pressures  for  two 
types  with  the  same  charge. 

It  was  from  this  data,  by  comparison  with  figures  from  existing  guns, 
interpreted  by  the  U.K.  Army  Physiological  Research  Establishment,  that  it  was 
possible  to  make  the  choice  of  the  brake  C  with  a  baffle  cone  angle  of  40  . 

Pig.  8  shows  another  modem  brake,  where  all  round  venting  is  permissable. 

The  aerodynamic  efficiency  of  93^  is  again  in  good  agreement  with  model  testing. 

The  intrinsic  efficiency  is  455^>  and  momentum  index  1.2,  but  these  latter  figiares 
would  depend  on  the  ballistics  of  the  gun  on  which  it  is  used. 

With  tank  guns  using  APDS  another  problem  arises  in  the  form  of  damage 
from  projectile  and  driving  band  components,  which  discard  at  the  muzzle. 

Pig.  9  shows  a  damaged  two-baffle  brake.  The  hole  for  the  projectile  had 
been  enlarged  to  allow  passage  of  the  discard,  but  rubber  from  a  disintegrating 
driving  band  component  caused  this  damage. 

The  actual  brake  shown  has  been  shaped  to  alleviate  this  type  of  damage, 
and  it  now  lasts  as  long  as  the  barrel,  -  efficiency  clearly  suffers. 

Attempts  were  made  to  overcome  these  difficulties,  and  a  slotted  barrel 
type  brake  attempted  to  retain  the  sabot,  while  allowing  the  gases  to  escape. 
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An  alternative  form  of  ^^brake**  for  tank  gun  use  is  a  perforated  barrel* 

Pig.  10  shows  the  effect  of  -g***  holes  drilled  in  the  barrel  -  damage  is  much  reduced 
but  model  testing  results  now  available,  indicate  that  it  would  be  difficult  to 
obtain  a  sufficient  number  of  holes  for  efficiency,  without  reducing  mechanical 
strength  and  support  for  the  sabot. 

Current  work  on  perforated  barrel  muzzle  brakes,  however,  does  indicate 
that  special  designs  may  be  possible  with  tank  guns  which  could  lead  to  intrinsic 
efficiencies  of  well  over  50^* 

In  conclusion,  the  possibility  of  muzzle  brakes  with  intrinsic 
efficiencies  of  100^^  must  be  mentioned.  Such  brakes  would  require  high  aerodynamic 
efficiencies  combined  with  high  charge  to  projectile  weight  ratios.  (Figures  of 
the  order  l605^  and  say  1*5  s  1  might  do).  However  recoil  would  still  occur,  as  the 

gun  would  have  to  be  retarded  by  the  brake  from  the  velocity  achieved  at  shot 

ejection.  A  recuperator  is  therefore  necessary  to  return  the  gun  to  battery.  The 
recuperator,  of  course,  absorbs  energy  during  recoil,  so  that  100^  efficiency  is  not 
required,  and  in  fact,  the  88^  intrinsic  efficiency  achieved  by  the  experimental 
Umbrella  brake  (aerodynamic  efficiency  138^)  would  in  fact  have  been  enough  to 
eliminate  the  requirement  for  a  buffer. 

Unfortunately,  this  ignores  two  vital  factors  - 

(i)  The  discarding  sabot,  which  would  destroy  the  brake,  and  — 

(ii)  The  back  blast,  which  would  go  a  long  way  to  destroying  the  mounting 

and  any  exposed  crew  members. 

As  usual  the  designer  can  never  wini 
Item  2  Recoil  Velocity  Measurement  Dipl.,  Ing.,  Grubert,  P.R.G. 

This  paper  will  describe  a  method  for  direct  measurement  of  recoil  velocity 
in  the  study  of  muzzle  brakes.  Linear  velocity  is  normally  measured  indirectly  by 
deduction  from  time  and  travel  measurements,  either  by  calculation  or  by  some  form 
of  mechanical  differentiating  system.  This  procedure  gives  only  average  velocity 
between  discrete  measuring  positions  and  of  course  involves  some  analysis. 

Direct  and  continuous  velocity  measurement  has  obvious  advantages  and  a 
system  has  been  developed  which  can  be  used  with  a  free  recoil  stand  for  measuring 
velocities  of  moving  parts  of  weapons  and  for  other  similar  purposes.  The  equipment 
consists  essentially  of  a  fixed  coil  on  a  coil  carrier  and  a  magnet  (permanent  or  an 
electromagnet)  which  is  fixed  to  the  component  whose  velocity  is  to  be  measured. 

If  possible  coil  and  magnet  are  so  arranged  that  movement  of  the  component  causes 
the  magnetic  lines  of  force  to  cut  the  plane  of  the  coil  normally  and  the  coil  is 
shaped  so  that,  over  the  length  of  travel  for  which  velocity  is  to  be  measured 
induced  voltage  is  proportional  to  velocity. 


26. 


CONFIDENTIAL 


CONFIDENTIAL  DISCREET 


If  this  relative  positioning  is  not  possible  or  if  a  relationship  other 
than  linear  between  velocity  and  induced  voltage  is  required,  suitable  adjustments 
to  the  coil  windings  may  be  made  either  to  correct  for  positioning  or  to  achieve 
the  desired  voltage/velocity  relationship.  This  equipment  is  used  on  the  recoil 
measuring  equipment  at  Meppen  described  in  Session  1 ,  Item  2» 

Item  3  Aberdeen  Proving  Ground  technique  of  gun  blast  testing  and  results  of  full 
calibre  testing  in  the  155  mm  Howitzer,  SP,  M1Q9  Mr.  D  Tag,  U.S. 

Introduction 


This  presentation  will  deal  primarily  with  current  Aberdeen  Proving  Ground 
test  techniques  and  methods  as  they  were  applied  to  some  programmes  using  the  155 
Howitzer  SP,  M109  as  the  test  vehicle.  The  intent  is  to  describe  briefly  instrumen¬ 
tation  available,  some  typical  results  obtained  and  the  problem  areas  that  exist. 

By  way  of  background,  blast  testing  in  one  form  or  another  has  been 
carried  on  at  Aberdeen  Proving  Ground  for  many  years.  The  majority  of  these  programmes 
were  designed  to  measure  muzzle  blast  from  artillery  weapons  to  determine  physical 
effects  upon  the  material.  Some  limited  testing  for  physiological  effects  have  been 
conducted  in  the  recent  past  for  agencies  such  as  the  U.S.  Army  Weapons  Command  and 
the  Human  Engineering  Laboratories.  Only  a  very  small  amount  of  testing  has  been 
done  to  evaluate  muzzle  brake  design  or  efficiency.  The  instr\amentation  used  has 
ranged  from  simple,  rudimentary  paper  blast  gauges  to  the  more  sensitive  and  precise 
electronic  pressure  sensors  and  transducers. 

Instrument  ation 


There  are  five  basic  types  of  gauge  currently  in  use  today  at  Aberdeen 
Proving  Ground  (see  Figures  1  and  2). 

The  first  is  the  Atlantic  Research  Lab  Pencil  gauge  which  uses  a  ring- 
shaped  lead  Zirconate  (Pb  Zr  0^)  sensing  element  mounted  flush  with  the  outer 
surface  about  midway  down  the  pointed  body.  In  use,  the  gauge  is  directed  towards  the 
detonation  source  and  can  record  only  side-on  pressiare  (Bg).  The  sensitivity  factor 
approximates  1500  x  10  coulombs  per  pound  per  square  inch. 

The  B.R.L.  pancake  gauge  has  a  high  diameter  to  thickness  ratio  as  the 
nickname  siaggests.  The  to\irmaline  crystal  sensing  element  is  mounted  in  the  centre 
of  the  circular  housing.  It  may  be  used  for  either  side-on  pressure  by  positioning 
edge  on  to  the  blast  wave  or  for  face-on  pressure  (Pp)  by  facing__the  flat  sensing 
area  towards  the  blast.  The  sensitivity  factor  is  about  30  x  10  coulombs  per 
pound  per  square  inch. 

The  two  face-on  gauges  (B.R.L.)  are  shown  as  items  3  and  4  in  Figure  1. 

The  first  was  developed  to  record  velocity  through  sensing  arrival  time  of  the 
shock  wave  at  two  or  more  positions.  These  are  used  principally  for  calibration 
•f  the  pencil  or  pancake  gauges,  but  may  also  be  used  for  direct  pressure  measurements. 
The  barium  titanate  (Ba  Ti  0^  )  sensing  element  is  mounted  in  thejforward  section  of 
the  tubular  housing  and  has  a  sensitivity  factor  of  about  5  ^  10  coulombs  per 
pound  per  square  inch. 
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The  second  face-on  type  is  a  smaller  impulse-loading  gauge  designed 
especially  for  flush  mounting  on  surfaces  such  as  engine  compartment  doors.  It 
is  used  to  record  blast  loading  data  and  has  a  quartz  crystal  sensing  element 
with  a  sensitivity  of  10  coulombs  per  pound  per  square  inch. 

Finally,  the  foil  gauge  shOTO  in  Fig.  2  is  an  adaptation  of  the  United 
Kingdom  modified  Adams  gauge  described  earlier  in  Session  1.  T7e  manufactured 
the  gauges  locally  frcm  drav/ings  furnished  by  the  U.K.  and  used  the  "cigarette" 
foil  also  supplied  by  them.  This  gauge  proved  useful  for  obtaining  approximate 
ranges  of  pressure  in  confined  areas  v^ere  reflected  shock  nave  conditions 
rendered  the  more  sophisticated  electronic  gauges  virtually  useless.  At  least 
electronic  data  nas  alnays  highly  suspect. 

Calibration  of  all  the  above  gauges  nas  routinely  performed  before  and 
after  each  major  test  firing  series.  This  is  a  fairly  straight  fornard  procedure 
using  bars  spherical  charges  of  pentolite  in  weights  knoim  to  give  pressure  levels 
close  to  those  anticipated  for  the  actual  test.  For  the  155  nim  HovTitzer  programme, 
8-pound  charges  were  used  with  the  gauges  exposed  to  the  resulting  detonation 
nave. 


The  actual  pressure  level  at  the  gauge  position  is  determined  by  measuring 
the  velocity  of  the  blast  T/ave  at  that  point  and  computing  the  pressure  by  means  of 
the  Ranlcine-Hugonoit  equation 


IThere: 

=  over-pressure,  psi. 

Y  =  Ratio  of  specific  heats  for  air. 

=  Local  ambient  barometric  pressure. 

V  =  Shock  front  velocity. 

=  Local  velocity  of  sound  thru  air. 

K  =  Wind  correction. 

The  gauge  described  above  is  used  for  this  purpose.  Additional  information 
is  available  in  reference  2. 

The  array  and  types  of  gauge  used  in  any  given  programme  is  naturally 
determined  by  the  test  objectives.  Figure  3  shows  a  typical  set-up  of  pencil 
gauges  around  the  nev  105  mm  Hov/itzer,  Ml  02.  The  purpose  of  this  test  was  to 
determine  the  differences  in  blast  effects  at  the  various  crew  positions  between 
the  two  muzzle 'brake  designs.  The  one  shown,  incidentally,  was  similar  to  the 
finally  accepted  design.  The  other  was  called  the  UBU,  or  upward  blast  utilizer, 
idiich  was  temporarily  dropped  from  consideration  after  this  test.  In  testing  for 
physiological  effects  at  crev;  positions,  the  accepted  practice  is  to  consider  only 
the  side-on  pressure,  hence  the  selection  of  the  pencil  gauges  shown  in  the  photo. 
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When  testing  for  the  physical  effects  upon  material,  a  wider  assortment 
of  gauges  are  used  in  a  somewhat  different  array  as  shown  in  fig.  4*  Also  shown 
here  are  strain  gaiiges  at  several  pre-determined  areas  of  critical  stress.  This  is 
the  instnimentation  array  used  in  the  155  n™  M109  test,  the  results  of  which  will  he 
described  later. 

Fig.  5  shows  the  array  of  gauges  used  in  a  very  recently  conducted  test 
of  the  155  n™  MIO9  in  which  the  blast  over-pressures  produced  by  the  Ui'S.  design 
muzzle  brake  were  compared  to  those  of  the  F.R.G.  design.  In  the  first  full  calibre 
test,  side-on  and  face-on  pressures  were  measured  by  the  appropriate  gauges.  In 
the  second,  was  computed  from  Pg.  In  general,  crew  occupied  positions  are  measured 
by  side-on  gaxiges  while  material  surfaces  such  as  engine  compartment  doors  and  turret 
hatches  use  the  face-on  gauges.  Exteriorally  motinted  pencil  gaiiges  are  routinely 
used  for  control  purposes. 

Recording  the  data  is  usually  accomplished  with  portable  trailer  mounted 
oscilloscopes  having  an  8-channel  capacity.  The  oscilloscope  records  are  displayed 
on  35  “m  film  along  with  the  required  fiducial  and  calibration  information.  More 
recently  a  magnetic  tape  recorder  has  been  used  which  provides  for  rapid  playback 
and  readout  of  the  data  on  a  rotind-by-round  basis.  Galvanometer  recorders  provide 
the  record  and  each  trailer  has  up  to  a  12  channel  capacity.  This  latter  equipment 
was  used  in  the  full  calibre  testing  described  herein.  Frequency  response  of  this 
system  is  0  to  80,000  cycles  per  second.  Tape  recording  speed  used  was  120  inches 
per  second  while  playback  speed  was  60  inches  per  second. 

Full  calibre  test  and  results 

The  test  reported  in  reference  1  is  the  primary  basis  for  this  portion 
of  the  Aberdeen  Proving  Ground  presentation.  The  test  objectives  were  as  follows; 

(a)  To  attempt  to  establish  "threshold"  blast  over-pressure  levels 
above  which  vehicular  or  armament  component  damage  could  be  expected. 

(b)  To  obtain  firing  blast-loading  data  on  certain  of  the  more  critical 
vehicle/armament  con:5)onents  using  both  standard  (M4A1 ,  Zone  7)  and  exdess  pressure 
(XMII9,  Zone  8)  propelling  charges. 

(c)  Finally,  to  evaluate  instrumentation  techniques  to  determine  their 
validity  in  predicting  component  failures  and  whether  a  standard  array  of  gauges  could 
be  developed  for  generic  tests  of  all  self-propelled  artillery  designs. 

This  programme  was  not  intended  to  establish  the  relative  merits  or 
deficiencies  of  the  MIO9  weapon  system,  per  se,  since  this  had  already  been  well 
established  in  niunerous  tests  at  both  Aberdeen  Proving  Ground  and  the  Artillery  Test 
Board.  However,  the  selection  of  gaiige  positions  was  generally  based  upon  these 
results. 
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In  the  above  test,  24  data  rounds  were  fired  and  the  tabular  results 
can  be  readily  siammarized.  Table  1  considers  only  the  maximum  muzzle  blast  over¬ 
pressure  for  each  condition  of  test.  The  "Adams^*  foil  gauges  were  used  in  two 
locations;  one  in  front  of  the  radiator  grille  and  the  other  near  the  engine  over¬ 
head  Valve  rocker  arm  cover.  The  indicated  blast  over-pressure  on  both  gauges  was 
2.9  -  5*5  psi  when  firing  the  Zone  7)  M4A1  charge,  regardless  of  elevation.  When 
firing  Zone  8,  XM11g  charge  the  pressure  range  was  7-8  psi  at  0  howitzer  elevation 
and  4-5  psi  at  35  elevation. 

The  maximum  principle  stresses  developed  in  the  various  locations  about 
the  MI09  vehicle  are  shown  in  Table  2.  Also,  a  typical  strain  versus  time 
oscilloscope  record  may  be  seen  in  figure  6.  A  blast  pressure  record  (l^g)  from  the 
pencil  control  gauge  also  appears  on  this  chart.  Topical  face-on  (P^^)  pressures  may 
be  seen  in  fig.  7  which  shows  the  records  obtained  at  the  MIO9  engine  compartment 
door  with  the  B.R.L.  flush-mounted  gauge. 

While  these  data  were  thought  to  be  the  best  obtainable  at  the  time,  all 
test  objectives  were  not  fully  satisfied  and  the  techniques  used  were  not  considered 
entirely  adequate.  The  principle  reason  for  this  is  the  vast  complexity  of  the  blast 
over-pressure  problem  coupled  with  the  lack  of  instrumentation  having  sufficient 
precision  and  reliability  to  provide  the  necessary  data.  Our  experience  indicated 
that  it  is  extremely  difficult  to  obtain  precise  rate  of  loading  and  angle  of 
incidence  measurements  required  to  properly  analyse  all  the  effects  of  blast  on  a 
fully  assembled,  complex  item  of  equipment  such  as  the  MIO9.  The  picture  is 
further  complicated  by  reflected  shock  waves,  duration  of  impulse  and  other  variables 
such  as  component  geometry  and  material  properties.  One  promising  approach  to  this 
would  be  to  augment  the  electronic  data  with  photographic  techniques  as  has  been 
done  in  discrete  tests  of  individual  isolated  components. 

Insofar  as  developing  a  threshold  blast  pressure  level  and  standard  gauge 
array  is  concerned,  only  broad  guidelines  were  developed.  It  appears  that  blast 
pressures  in  excess  of  10  psi  can  be  expected  to  damage  vulnerable  parts  such  as 
radiators,  exposed  optical  instruments  and  engine  components.  On  the  other  hand, 
heavier  components  such  as  engine  hatches  and  armour  plate  withstood  pressures  in 
excess  of  100  psi. 

While  no  single  standard  array  was  evolved  for  all  vehicles  it  should 
be  readily  possible  to  experimentally  establish  combinations  of  instrumentation  and 
locations  for  any  given  vehicle  design  that  will  produce  much  valuable  design 
inf  ormation. 

Prediction  of  component  damage  likely  from  a  given  level  of  blast  pressure 
alone  appears  to  be  virtually  impossible  since  this  would  depend  on  other  factors 
that  we  have  so  far  not  successfully  measured.  These  include  the  rate  of  pressure 
application,  the  resulting  resonance  imparted,  stress  limits  of  the  materials  and 
xheir  configuration. 
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Some  interesting  anomolies  were  noted  in  this  programme,  however.  One 
is  shown  in  Pig.  7  where  the  total  duration  of  on  the  engine  compartment  door 
Was  significantly  longer  for  the  higher  pressur§^bM1 19  charge  than  for  the  M4A1 
Zone  7  charge  at  both  high  and  low  elevation.  These  might  have  been  explained  had 
we  been  able  to  measure  shock  wave  velocity  at  “that  point.  Gauge  "ringing"  as  a 
result  of  resonance  in  the  cover  material  which  differed  in  amplitude  and  duration 
because  of  variations  in  the  severity  of  initial  shock  is  another  possibility. 

The  comparison  test  between  the  U.S.  and  P.R.G.  muzzle  brake  designs  for 
the  M109  conducted  at  Aberdeen  Proving  Ground  considered  blast  over-pressure  at 
predetermined  positions  as  well  as  recoil  time/pressure  and  trunion  reaction 
characteristics.  Reduction  of  this  latter  data  is  as  yet  incomplete  and  therefore 
no  results  or  conclusions  can  be  given  at  this  time.  However,  preliminary  results 
seem  to  indicate  that  there  is  approx.  8-10^^  difference  between  the  two  in  either 
recoil  attenuation  or  tioinion  reaction  forces. 

On  the  other  hand,  the  peak  blast  over-pressure  data  clearly  indicate  that 
the  P.R.G.  design  produces  significantly  lower  pressures  at  the  on-board  gauge 
positions  than  does  the  U.S.  design.  The  pencil  control  gauges  of f-vehicle  show 
no  real  differencgsin  the  pressure  levels.  Tables  3  and  4  summarize  the  results 
at  both  0  and  70  quadrant  elevation  respectively.  As  in  the  earlier  test,  the 
XM119  iypa  charge  was  used  to  produce  excess  pressures.  The  double  sets  of  niombers 
separated  by  a  slash  (/)  show  both  peak  pressures  in  those  instances  when  two  peaks 
were  clearly  discernable  on  the  pressure/time  trace. 

In  summary,  blast  data  from  full  calibre  testing  can  be  successfully  acquired 
that  will  satisfy  many  weapon  design  requirements  and  certain  useful  parameters 
can  be  established.  Further  development  is  indicated  in  both  instrumentation  and 
techniques  to  deal  with  rates  of  loading,  reflected  shock  waves,  negative  pressures 
and  to  permit  discrimination  between  these  phenomena  as  they  effect  component  strain 
and  distortion. 
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Item  4  Empirical  studies  on  the  reduction  of  muzzle  brake  blast 
Mr.  M.J.  Salsbury,  U.S. 

At  the  present  time.  Rock  Island  Arsenal  is  about  a  third  of  the  way 
through  a  study  of  blast  reduction.  In  this  study,  our  general  approach  has  been 
to  isolate  each  muzzle  brake  parameter  and  empirically  determine  its  effects  on  both 
back  blast  and  efficiency. 
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CONFIDENTIAL  DISCREET 


Problem 


To  briefly  summarize  the  problem,  the  efficiency  of  a  muzzle  brake  is 
dependent  upon  the  quantity,  velocity,  and  exit  angle  of  the  muzzle  gases  it 
deflects#  However,  these  same  factors  also  determine  the  amount  of  gas  directed 
toward  the  gun  crew,  and,  as  a  result,  the  severity  of  the  blast  effects  on  the  crew 
is  usually  proportional  to  the  brake *s  efficiency#  The  problem,  then,  is  to  reduce 
these  blast  effects  without  compromising  brake  performance. 

Criteria 


Before  discussing  the  studies  we  have  already  completed,  I  would  like  to 
define  the  criteria  we  applied  to  the  terms  "efficiency”  and  "blast  effects".  The 
efficiency  rating  we  use  in  all  our  brake  studies  is  the  momentum  index,  which  is 
the  ratio  of  the  impulse  imparted  to  the  brake,  to  the  impulse  imparted  to  the  gun, 
during  the  gas  ejection  period.  As  to  the  nature  of  the  blast  effects,  it  is 
generally  agreed  that  it  is  the  excessive  over-pressures,  rather  than  the  blast 
wave*s  total  positive  impulse,  which  is  most  injurious  to  the  crew. 

Approach 

Using  this  criteria  then,  our  approach  to  the  problem  was  to  lower  the 
peak  over-pressures  of  the  shock  wave  by  spreading  its  total  impulse  over  a  longer 
period  of  time.  The  device  we  used  to  accomplish  this  was  a  brake  reservoir.  With 
this  system,  the  muzzle  gases  were  discharged  into  a  preexpansion  chamber  before  being 
released  into  the  atmosphere. 

Description  of  model  (see  fig.  l) 

The  chamber  we  used  in  this  study  was  designed  for  a  IO5  mm  howitzer  and 
v;as  mo\anted  on  an  adapter  tube,  attached  to  the  muzzle#  In  order  to  regulate  the 
flow  through  the  system,  several  parameter  variables  were  provided#  The  chamber’s 
volume  could  be  adjusted  by  positioning  the  rear  end-plate  and  had  a  range  equivalent 
of  from  1  to  2-l/Zf  bore  volumes. 

The  chamber’s  entrance  ports  could  be  varied  by  rotating  the  port  collar 
and  aligning  the  slots  in  the  collar  with  those  in  the  adapter  tube.  The  exit 
ports  could  be  adjusted  by  the  positioning  of  the  baffles.  Both  sets  of  ports 
had  a  range  equivalent  of  from  0  to  3  bore  areas# 

Test  equipment  (see  fig.  2) 

The  reservoir  was  tested  with  a  105  mm  howitzer  tube  mo\inted  on  a  free 
recoiling  test  fixture#  The  recoiling  portion  of  this  system  weighs  approximately 
2600  lbs.,  and  rolls  on  small  cam  follower  bearings  confined  within  the  channels 
of  the  base  mo\int.  About  5  feet  of  free  recoil  distance  is  provided  before  the 
recoiling  mass  is  stopped  with  crushable  cardboard. 
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In  order  to  determine  the  brake impulse,  the  reduction  of  recoil 
velocity  it  has  produced  by  the  end  of  the  gas  ejection  period  must  be  known. 

Rather  than  using  the  interior  ballistics  equations  to  determine  this  point  in  time, 
we,  instead,  fired  the  system  without  a  brake  attachment  and  recorded  the  time  at 
which  the  maximum  recoil  velocity  occurred.  We  then  used  this  as  a  point  of 
reference  throughout  the  study.  (See  fig.  3)* 

The  recoil  velocity  was  measured  with  a  magnetic  pickup  attached  to  a 
rack  and  pinnion  gear  arrangement.  The  data  was  recorded  on  an  oscillograph  into 
which  a  timing  generator  was  also  channeled. 

To  determine  the  projectile  impulse,  the  muzzle  velocity  was  measured 
by  firing  magnetized  projectiles  through  two  copper  coils.  The  resulting  impulses 
were  then  used  to  start  and  stop  an  electric  counter. 

The  over-pressures  were  measured  with  piezo-electric  pencil  gauges  and 
recorded  on  an  oscilloscope  with  a  Polaroid  camera  attachment.  Of  the  four  gauge 
locations  shown  here,  the  results  obtained  at  the  two  furthermost  from  the  muzzle, 
are  those  which  will  be  discussed. 

Procedure 

As  for  the  procedure  followed  in  this  test,  the  initial  firings  were  made 
with  the  chamber’s  entrance  port  closed.  In  doing  this,  the  brake  reservoir  becomes 
passive  and  the  total  impulse  on  the  recoiling  parts  can  be  determined.  By 
subtracting  from  this  value  the  impulse  imparted  during  the  in-bore  period,  which  is 
equal  and  opposite  to  the  projectile’s  impulse,  one  can  calculate  the  impulse 
imparted  during  the  gas  ejection  period. 

During  the  balance  of  the  firings,  three  combinations  of  entrance  and 
exit  port  areas  were  tested,  and  for  each  combination,  the  chamber’s  volxime  has 
varied  over  its  full  range  in  six,  1/4  bore  volume  increments. 

Results  (see  fig.  if) 

The  test  results  are  shown  here  in  a  graph  on  which  crew  area  over¬ 
pressure  is  plotted  versus  chamber  volume,  for  each  of  the  three  port  configurations. 
Since  the  system’s  efficiency  varied  with  port  area  changes,  the  momentum  index  is 
also  designated  for  each  config\iration.  These  efficiency  values  did  not  fluctuate 
with  volume,  however,  indicating  that  the  volxime  changes  were  only  affecting  the 
duration  of  the  brake’s  gas  flow,  not  its  magnitude. 

For  the  first  run  with  both  sets  of  ports  wide  open,  the  momentum  index 
was  .97*  For  the  second,  with  the  exit  ports  equal  to  I-1/2  bore  areas  and  the 
entrance  ports  equal  to  ihe  index  was  I.06,  and  for  the  third,  in  which  both 
sets  of  ports  equal  to  I-1/2  bore  areas,  a  value  of  .8. 

Looking  at  the  over-pressure  results,  you  can  see  that  for  each  run,  peak 
over-pressure  in  the  crew  area  drops  as  the  voltime  of  the  expansion  chamber  increases. 
The  attenuation  rate  was  approximately  2  psi  per  bore  volume. 
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Prom  the  viewpoint  of  the  efficiency-over-pressure  relationship,  this 
method  seems  ideal  in  that  it  provides  a  30  to  ifO  percent  decrease  in  over-pressure 
with  no  subsequent  loss  of  efficiency.  Unfortunately,  however,  the  trade-off 
between  over-pressure  reduction  and  weight  is  very  poor.  With  an  attenuation  rate 
such  as  this,  any  brake  relying  on  volume  alone  to  lower  over-pressure  substantially, 
would  be  much  too  large  to  be  practical. 

Another  aspect  of  the  results,  however,  did  show  some  promise.  When 
comparing  runs  1  and  2,  one  can  see  that  the  50  percent  reduction  of  exit  port  area 
caused  an  even  greater  over-pressure  drop  than  did  the  full  expansion  of  the  chamber’s 
volume.  This  is  true  for  every  volume  setting,  and,  as  you  can  see,  there  was  no 
significant  change  in  the  momentum  index. 

When  initially  planning  this  test  programme,  we  knew  that  the  exit  area 
would  certainly  influence  mass  rate  of  flow,  but  we  also  expected  a  proportional 
loss  of  efficiency.  As  a  result,  not  much  data  was  taken  in  this  area  and  further 
testing  of  port  areas  must  be  done. 

As  for  the  third  run,  in  which  both  sets  of  ports  were  half  closed,  the 
over-pressures  were  essentially  the  same  as  those  in  run  2,  but  accompanied  by  a 
sharp  drop  in  the  momentum  index#  This  drop  in  efficiency  can  be  explained  by  the 
fact  that  ratio  of  the  extrance  port  area  to  the  muzzle  area  is  now  much  smaller,  and, 
as  a  result,  more  gases  are  exiting  from  the  chamber’s  projectile  port.  (See  fig.  5)* 

To  provide  some  type  of  raw  performance  comparison,  two  conventional  brakes 
were  also  tested  and  the  results  are  shown  here  with  run  2.  The  top  line  represents 
a  modified  5^  brake  having  a  momentum  index  of  1.15  an^  a  peak  crew  area  over-pressure 
of  4*5  psi*  The  lower  line  at  3»5  psi  represents  the  M2A2E2  brake  which  is  rated  at 
.97*  As  you  can  see,  up  to  about  1-3/4  bore  volumes,  the  proportionality  of  the 
reservoir’s  efficiency  to  over-pressure  is  in  line  with  those  of  conventional  brakes, 
but  has  an  increasing  over-pressure  advantage  as  the  voliame  is  increased. 

As  to  whether  or  not  any  reservoir  system  can  be  optimized  to  out-perform 
conventional  brakes  without  suffering  an  impractical  weight  penalty,  is  impossible 
to  say  at  this  time.  Not  only  is  more  testing  needed  on  port  areas,  but  more 
importantly,  the  effects  of  the  baffle  parameters  on  back  blast  and  performance  must 
be  taken  into  account. 

We  have  already  completed  some  testing  of  baffle  parameters  which  brings 
me  to  the  next  study  I’d  like  to  discuss.  The  object  of  this  particular  study  was 
to  determine  what  effects  the  brake’s  baffle  diameter  and  downstream  location  had  on 
over-pressure  and  efficiency. 

Test  model  (see  fig#  6) 

The  brake  fixture  used  in  this  study  consisted  of  three  flat  discs  having 
outside  diameters  of  15>  20  and  25  inches,  and  projectile  port  diameters  of  4“l/4 
inches#  These  discs  werSciattabhedi  by  four  rods  to  a  muzzle  collar  and  could  be 
positioned  anywhere  from  0  to  15  inches  from  the  muzzle  with  spacers.  This  model  was 
scaled  up  from  one  used  in  a  similar  study  done  with  small  calibre  weapons# 
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Procedure  A  (single  baffle) 


The  discs  were  tested  in  single,  double,  and  triple  baffle  combinations, 
using  the  same  test  mo\mt  and  instrumentation  ^methods  as  in  the  preMotis  test. 

During  the  single  baffle  phase,  each  disc  was  tested  over  the  full 
downstream  range  in  3  inch  increments. 

Results  A  (single  baffle)  (see  fig.  7) 

In  the  upper  graph,  the  momentum  index  is  plotted  versus  downstream 
distance  for  each  baffle,  and,  as  you  can  see,  a  closely  related  family  of  curves 
exists. 


As  each  disc  is  moved  closer  to  the  muzzle,  from  15  to  9  inches,  the 
efficiency  gradually  increases.  Moving  each  disc  still  closer,  the  momentum  index 
for  each  reaches  a  maximum  value  somewhere  between  9  and.  6  Inches,  and  then  begins 
to  gradually  decrease.  You  can  also  see  that  the  larger  the  disc,  the  further 
downstream  its  maximum  efficiency  occurs.  In  the  remaining  region,  upstream  from 
the  6  inch  location,  the  efficiencies  of  all  discs  drop  rapidly  and  approach  a 
common  value. 

Sets  of  curves  similar  to  this  can  be  found  throughout  the  literature  in 
one  form  or  another,  and  their  explanation  is  this:  as  each  disc  is  moved  upstream, 
less  muzzle  gas  escapes  around  its  the  larger  the  disc,  of  course,  the  smaller  the 
loss.  The  somewhat  level  portion  of  the  curve,  between  9  and  6  inches,  indicates  this 
to  be  a  region  in  which  the  gases,  escaping  through  the  bafflers  projectile  part, 
become  more  appreciable,  and  offset  the  decreasing  gas  loss  around  its  periphery. 

As  a  result,  the  brake’s  net  impulse  is  kept  nearly  constant.  When  this  trade-off 
is  at  an  optimum,  the  maximtim  efficiency  of  the  baffle  is  attained.  As  the  baffles 
are  moved  still  closer  to  the  muzzle,  the  projectile  port  becomes  the  predominant 
escape  route  and  efficiency  begins  to  drop.  Further  upstream,  a  point  is  reached 
at  v/hich  gass  loss  around  the  periphery  of  even  the  smallest  disc  ceases  to  occur, 
and  all  the  baffles  will  deflect  the  same  amount  of  gas. 

The  performance  of  the  5K  and  M2A2E2  brakes  have  again  been  shown  here 
and  on  the  rest  of  the  graphs,  merely  to  provide  points  of  reference. 

Looking  now  at  the  over-pressure  results  in  the  lower  graph,  you  can 
see  that  as  each  baffle  is  moved  upstream,  over-pressure  in  the  crew  area  rises, 
and  peaks  somewhere  between  0  and  3  inches  from  the  muzzle  which  we  know,  from  the 
first  graph,  to  be  a  region  of  low  efficiency.  It  should  be  noted  also  that 
over-pressure  is  little  effected  by  baffle  diameter. 

Procedure  B  (double  baffle) 

In  the  second  phase  of  the  programme,  in  which  double  baffle  combinations 
were  tested,  the  same  basic  procedure  was  follows.  The  first  baffle,  that  closest 
to  the  muzzle,  was  always  placed  6  inches  downstream  and  the  locations  of  the 
second  baffle  were  varied* 
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Results  B  (double  baffle)  (see  fig.  8) 


In  the  upper  graph,  the  momentum  index  is  plotted  versus  the  distance 
between  the  first  and  second  baffles,  and  the  results  are  similar  to  those  of  the 
first  phase.  Maximum  efficiency  occurs  in  the  region  between  9  and  6  inches,  drops 
rapidly  between  6  and  3  inches,  and  from  5  "to  0  inches,  contributes  nothing  at  all 
to  the  efficiency  already  gained  by  the  first  baffle. 

The  same  explanation  as  before  holds  true  here.  Most  of  the  gases 
passing  through  the  projectile  port  of  the  first  baffle  also  pass  through  the 
second,  unless  the  discs  are  at  least  6  inches  apart.  You  will  also  notice  that 
regardless  of  the  size  of  the  first  baffle,  the  efficiency  gained  by  the  addition 
of  a  second  baffle  is  always  the  same.  Again,  this  would  indicate  that  no  gas  is 
flowing  around  even  the  smallest  second  baffle. 

Looking  at  over-pressure  results,  you  can  see  that  the  data  does  not 
follow  the  same  pattern  as  that  of  the  single  baffles.  Instead  of  over-pressure 
rising  as  the  second  disc  is  moved  closer  to  the  first,  it  simulates  the  efficiency 
curve.  The  reason  for  this  is  that  the  gases  being  deflected  by  the  second  baffle 
are  being  directed  away  from  the  crew  by  the  first.  This  channeling  effect  becomes 
stronger  as  the  two  baffles  are  moved  closer  together,  and,  as  a  result,  when  the 
discs  are  less  than  3  inches  apart,  all  these  gases  are  deflected  at  a  90  angle 
and  do  not  reinforce  the  shock  wave  created  by  the  first  baffle. 

Procedure  -  Results  C  (triple  baffle) 

In  the  last  phase  of  the  study,  we  tested  triple  baffle  combinations. 

The  results  of  this  phase  can  be  summed  up  by  saying  that  the  addition  of  a  third 
baffle  produced  by  no  measurable  effects  on  either  the  efficiency  or  over-pressure. 

Conclusions 


The  conclusions  which  may  be  drawn  from  this  overall  study  fall  into 
three  categoriess  first,  the  effect  of  the  baffle’s  diameter  and  location  on 
efficiency:  second,  their  effects  on  over-pressure,  and,  lastly  the  relationships 
between  over-pressure  and  efficiency  which  are  caused  by  these  parameters. 

1.  As  for  the  effects  on  efficiency,  nothing,  of  course,  was  discovered 
that  is  not  already  a  fundamental  of  muzzle  brake  theory. 

(a)  Prom  the  shape  of  the  efficiency  curves,  it  can  be  concluded  that 
for  any  baffle  diameter  there  exists  an  optimum  location;  and,  of  course,  the 
converse  of  this  is  equally  true.  The  exact  relationship  of  diameter  and  downstream 
location,  however,  would  vary  with  the  ballistics  of  the  weapon  being  considered. 

(b)  From  the  double  baffle  test,  seeing  that  any  second  baffle, 
regardless  of  size,  produced  the  same  increase  of  efficiency;  it  can  be  said  that, 
if  the  first  baffle  is  operating  at  its  maximum  efficiency,  the  second  baffle  need 
not  be  larger  than  the  first. 
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(c)  One  can  see  from  the  douhle  and  triple  baffle  tests  that  the  use 
of  multiple  baffles  to  deflect  a  higher  percentage  of  the  muzzle  gases  is  only 
practical  for  two,  or  possibly  three  baffles.  More  than  this,  and  the  weight 
penalty  incurred  trying  to  utilize  the  small  amount  of  gases  still  available  is 
way  out  of  proportion  to  the  efficiency  ^ain. 

2.  Considering  now  the  baffle's  effects  on  over-pressure,  two 
conclusions  can  be  made. 

(a)  First,  from  the  single  baffle  results,  seeing  that  high  over¬ 
pressures  can  be  recorded  when  a  brake  is  operating  at  low  efficiencies,  it  can  be 
said  that  peak  over-pressures  are  more  strongly  dependent  upon  mass  rate  of  flow 
from  the  brake  than  they  are  upon  the  brake's  total  impulse. 

(b)  Secondly,  since  there  was  no  rise  in  crew  area  over-press\ire ,  when 
the  first  and  second  baffles  channeled  the  flow  to  the  side  of  the  weapon,  we  know 
that  over-pressure  is  a  very  strong  function  of  the  baffle's  deflection  angle. 

3.  (see  fig.  9) 

And  now,  to  illustrate  the  relationship  of  over-pressure  and  efficiency 
as  the  baffle  location  is  varied,  the  results  of  the  20  inch  disc  has  been  chosen 
as  being  representative. 

Here,  the  over-pressures  are  plotted  versus  the  momentum  index  for  every 
downstream  location.  As  you  can  see,  for  the  20  inch  disc,  the  maximum  efficiency 
occurs  approximately  7*5  inches  downstream,  but  for  every  other  value  of  efficiency, 
there  are  two  values  of  over-pressiu?e,  depending  on  the  bafflers  downstream  location. 
Also,  for  a  given  diameter,  the  over— pressure  advantage  is  greatest  at  lower 
efficiencies.  (See  fig.  IO). 

By  superimposing  the  results  of  the  other  two  discs  on  the  graph,  you  can 
see  that  the  effect  that  the  baffle’s  diameter  has  on  this  relationship  is  that  it 
extends  the  range  of  efficiencies  available. 

Prom  these  facts,  it  can  be  concluded  that  for  any  baffle  diameter,  there 
exists,  not  only  a  location  of  maximum  efficiency,  but  also  a  location  where  the 
optimum  compromise  between  efficiency  and  over-pressure  can  be  attained.  It  can 
also  be  said  that  if  one  is  operating  along  the  lower  portions  of  these  curves,  or, 
in  effect,  using  locations  out  past  the  points  of  maximum  efficiency,  one  can,  by 
using  a  larger  baffle,  increase  efficiency  without  increasing  over-pressures. 

For  example,  you  can  see  on  the  graph  that  if  we  choose  3  psi,  as  an 
over-pressure  reference  level,  that  the  momentum  index  was  extended  out  to  a  value 
of  about  1.1  with  the  25  inch  disc.  Had  we  used  even  larger  baffles,  placed 
farther  downstream,  we  could  have  continued  to  increase  efficiency  without 
exceeding  the  3  psi  over-pressure  level# 
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Unfortvinately,  besides  being  impractical  from  a  weight  standpoint, 
this  process  of  using  larger  and  larger  baffles,  placed  farther  and  farther 
downstream,  is  only  effective  out  to  a  distance  at  which  the  decrease  in  the  muzzle 
gas  velocity  limits  the  efficiency,  regardless  of  what  .size  baffle  is  used# 

It  would  see,  therefore,  that  these  optimum  relationships  between 
diameter  and  location  can  only  be  applied  practically  to  muzzle  brakes  with  a  low 
efficiency  requirement#  But,  since  it  is  the  brakes  of  higher  efficiencies  which 
cause  excessive  over-pressure  in  the  crew  area,  this  process,  in  itself,  is  not  a 
solution  to  the  problem#  It  does,  however,  provide  some  insight  to  the  problem 
of  finding  an  optimism  brake  configuration# 

In  this  same  vein  of  thought,  I  would  like  to  conclude  by  reminding  you 
that  all  these  results  and  conclusions  were  arrived  at  by  testing  these  brake 
parameters  in  an  isolated  condition#  If  and  how  these  relationships  are  modified 
when  other  brake  parameters  are  introduced,  we  hope  to  determine  in  future  studies# 

Item  5  Muzzle  brake  design  and  the  reduction  of  blast  Dr#  Ing.  Kratz,  P.R.G# 

During  the  preliminary  work  for  the  design  of  a  muzzle  brake  for  the 
FH  70  155  mm  U.K./F.R*G»  weapon  development, investigations  have  been  made  into 
the  possibility  of  designing  a  brake  which  at  a  given  efficiency  would  result  in  a 
minimum  of  blast  in  the  gun  crew  area# 

The  main  idea  was  to  design  a  muzzle  brake  to  meet  the  following 
requirements. 

(1)  The  gas  deflection  angle  was  to  be  kept  to  a  minimum. 

(2)  A  maximxom  amoiont  of  gases  was  to  be  deflected,  so  that  in  spite  of 
the  small  deflection  angle  the  required  efficiency  was  obtained. 

(3)  Gases  were  to  be  defined  in  such  a  way,  that  at  no  time  during 
the  braking  action  there  would  be  a  greater  deflection  than  that  desired. 

In  addition  the  brake  was  to  be  as  light  as  possible  bearing  in  mind  the 
positive  influence  of  the  weight  of  any  muzzle  attachment  in  reducing  recoil# 

In  amplification  of  (1)  above  the  aim  was  specifically  to  keep  to  a 
minimum  the  blast  in  a  cone  of  semi  angle  20  behind  the  gun  and  co-axial  with 
the  g\an.  Also  in  order  not  to  complicate  the  problem  unduly  only  peak  pressures 
were  considered# 

The  blast  pressure  behind  the  gun  will  increase  with  the  increase  in 
angle  of  deflection  of  the  propellant  gases  by  a  muzzle  brake#  This  is  shown 
in  a  paper  by  Schneider  "Theoretical  investigations  on  the  expansion  of  shock 
waves  around  a  gun  in  regard  to  blast  loading". 
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The  dependence  of  muzzle  brake  efficiency  cr  has  been  shown  'by  Oswatitsch 
who  derived  the  formula* 


a 


/ 


P  mi 

P 

m 


\  cos  180°  -  (j> 
m 


gas  pressure  at  muzzle 

gas  pressure  at  front  part  of  muzzle  brake 

ratio  of  orifice  to  calibre  area 

ratio  of  actual  emergent  gas  velocity  to  maximvim 
possible  velocity 

angle  of  deflection  of  gases. 

Prom  the  above  considerations  the  dependency  of  blast  pressure  P  on 
brake  efficiency  c  may  be  derived. 

With  low  efficiency  factors  the  blast  pressure  initially  rises  only 
slowly.  Later  the  rise  is  almost  constant  and  considerably  greater  than  at  the 
beginning  of  the  curve.  An  identical  increase  in  the  efficiency  factor  at  low 
absolute  values  means  therefore  a  smaller  rise  in  blast  than  at  higher  values 
of  the  efficiency  factor.  It  is  therefore  appropriate  to  keep  the  efficiency 
factor  of  muzzle  brakes  as  low  as  possible,  since  with  greater  efficiency  factors 
the  blast  increases  considerably.  This  requirement  is  in  line  with  the  use  of 
small  angles  of  deflection. 

The  CSwatitsch  expression  quoted  above  was  derived  on  the  following 
assxomptions. 

(a)  The  discharge  velocity  of  the  gases  at  the  muzzle  is  equal  to  the 
local  sonic  velocity  in  the  gases  there.  This  is  valid  when  projectile  muzzle 
velocity  is  below  or  equal  to  this  sonic  velocity.  When  projectile  velocity  is 
above  sonic  velocity  the  assumption  is  not  valid  initially. 

(b)  At  the  shell  exit  orifice  of  the  muzzle  brake,  the  velocity  is 
equal  to  local  sonic  velocity  in  the  gases  present  there.  This  implies  that  a 
compression  shock  occurs  on  the  baffle  surface,  which  reduces  the  gases  in  front 
of  the  orifice  to  subsonic  velocity* 

(c)  The  pressure  of  the  outward-flowing  gases  corresponds  to  the 
external  pressure.  If  this  is  not  so,  then  the  performance  coefficient  with  the 
high  pressiire  relationships  in  question  will  be  only  very  little  altered. 

(d)  All  powder  gases  flowing  from  the  muzzle  of  the  barrel  will  be 
deflected  by  the  same  angle,  with  the  exception  of  the  gases  flowing  through  the 
shell  exit  orifice. 


where  = 

m 

P'  = 

mi 

F  /F  = 
m/  m 

w/w  = 

max 
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The  dependence  of  blast  pressure  on  efficiency  has  been  verified 
experimentally  using  a  variable  muzzle  brake  made  by  Rheinmetall.  Baffles  with 
differing  deflection  angles  were  set  at  different  distances  from  the  muzzle  and 
blast  values  correlated  with  efficiency. 

Returning  to  item  2  of  the  initial  basic  requirements,  stated  above, 
which  stated  the  desirability  of  deflecting  as  much  gas  as  possible,  this  was 
also  investigated  with  the  adjustable  brake. 

By  altering  the  baffle  spacings  keeping  baffle  angle  constant  the  amoiint 
of  gas  deflected  can  be  varied. 

At  a  small  spacing,  much  gas  flows  through  the  shell  outlet  orifice 
without  effect,whilstat^ greater  spacings  a  maximum  efficiency  factor  will 
eventually  be  attained.  This  rise  in  the  efficiency  factor  is  a  result  of  the 
greater  amount  of  gas  from  the  muzzle  brake  being  used.  The  blast  pressure  rises 
also,  although  not  as  sharply  as  the  efficiency  factor.  The  following  Table 
shows  the  relationship  between  efficiency  factor  and  blast  pressiire,  first  of  all 
v/ith  a  rebound  surface  with  126  deflection 

Effective  value  39  47  58  ^  50  ^ 

Blast  pressure  5^6  mb  530  mb  536  mb  484  nib 

At  another  measuring  station  and  with  a  reboiind  surface  which  had  a 
deflection  of  93  >  the  following  relationship  was  ascertained? 

Effective  value  19  ^  30  ^  33  ^  35 

Blast  pressure  133  nib  123  mb  125  mb  124  mb 

Both  measuring  stations  lay  on  a  line  which  formed  an  angle  of  15^  with 
the  prolonged  barrel  axis  (distance  from  muzzle  3*5  and  7  m  respectively). 

Blast  pressures  were  measured  with  a  microphone  set  normally  to  a  line 
joining  at  the  muzzle. 

These  results  indicate  that  blast  pressure  is  not  critically  dependent 
on  the  amount  of  gas  deflected. 

Theoretically,  this  result  can  be  interpreted  as  follows?  the  time 
interval  between  exit  of  the  shell  from  the  barrel  to  its  passing  the  first  baffle 
of  the  muzzle  brake  is  important  to  the  blast  pressure  intensity.  During  this  time, 
flow  of  the  gases  in  a  forward  direction  is  impossible,  because  the  shell  blocks 
the  outflow  orifice.  Initially  the  same  amount  of  gas  will  be  deflected  to  the 
side  irrespective  of  the  spacing  of  the  first  baffle  surface  from  the  muzzle. 

The  initial  process  is  therefore  critical  in  determining  blast  pressure.  The 
subsequent  gas  flow,  which  determines  brake  efficiency,  does  not  significantly 
affect  blast  pressure  and  it  is  therefore  important  to  deflect  as  much  of  the 
propellant  gases  i.e.  to  keep  the  flow  of  gas  through  the  shell  exit  orifice  as 
low  as  possible. 
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Finally  considering  item  5  of  the  basic  requirements,  in  a  comparative 
firing  between  a  symmetrical  round  muzzle  brake  -  as  is  used  for  the  155  rom  M109, 
for  instance  -  and  a  type  of  brake  that  is  planned  for  the  PH  70,  it  was  found  that 
the  former  generates  a  higher  peak  pressure  behind  the  gun.  Instead  of  deflecting 
surfaces  which  lie  on  the  surface  of  a  cylinder,  the  new  brake  has  roof-shaped 
covering  surfaces  which  permit  a  much  better  flow  of  gases  in  the  desired  direction. 

The  round  shape  gives  rise  to  the  generation  of  backward  blast  at  the  upper  and 
lower  edges  of  the  brake,  which  is  transferred  to  the  surrounding  air  giving  an 
increase  in  pressure.  Although  the  efficiency  of  the  round  brake  is  about  2^ 
higher,  due  to  the  greater  mean  deflection  of  gases  for  a  short  time  at  the 
beginning  of  the  process,  the  greater  blast  pressure  is  a  decided  disadvantage, 
compared  with  the  brake  of  the  new  type  of  brake.  The  new  brake  also  has  a  reduced 
loss  of  gases  through  the  front  port,  since  there  is  no  interference  with  the  flow 
through  the  baffles  in  the  direction  of  the  front  port  and  since  the  reduced  gas 
deflection  in  itself  gives  a  smaller  likelihood  of  reverse  flow  of ‘^gases  from  baffle 
surfaces  into  the  shell  exit  port. 

These  deductions  follow  from  firings  on  a  free  recoil  measuring  stand. 

It  is  felt  that  it  v/ould  be  useful  to  give  some  account  of  the  performance  coefficients 
which  are  in  general  use  in  F.R.G.  work  on  muzzle  brakes. 

Efficiency  is  defined  as  the  ratio  of  the  change  in  recoil  energy  between 
firings  without  and  with  muzzle  brakes  and  the  recoil  energy  without  muzzle  brake. 

After  an  experimental  determination  of  the  recoil  energy  with  a  recoil  measuring 
rig,  the  influence  of  the  weight  of  the  muzzle  brake  is  eliminated  mathematically. 

This  means  that  the  efficiency  is  always  related  to  the  same  recoiling  masses 
(intrinsic  efficiency).  The  velocity  of  the  recoiling  mass,  necessary  for 
establishing  the  recoil  energy,  is  determined  at  the  measuring  rig  as  free  recoil 
velocity.  Efficiency  has  the  disadvantage  of  being  dependent  on  the  interior 
ballistics  of  the  gun.  In  order  to  eliminate  this  dependency,  the  term  efficiency 
factor  is  used  in  Germany.  The  efficiency  factor  is  defined  as  follows. 

cr  =  ^Go  ~  ^Gm  =  1  -  ^Gm  ^^^G 
^Go  ^Go^“g 

and  represent  the  total  impulse  of  the  propellant  gases  when  the  shot 
Go  Gm 

is  fired  without  and  with  a  muzzle  brake. 

Practical  experience  and  theoretical  considerations  show  that  the  value 
I^^/m^;  where  m^  is  the  mass  of  burnt  gases  or  of  the  powder  charge  is  largely 
independent  of  internal  ballistic  values,  such  as  maximum  gas  pressure  and  gas 
pressure  at  the  muzzle  whenever  the  design  of  the  gun  is  not  too  unconventional. 

This  value  ^^n  be  equated  to  the  mean  exit  velocity  of  the  powder  gases. 

Tests  have  shown,  that  the  value  Ig^m^  remains  roughly  constant  when  the  same 
muzzle  brake  is  used. 
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The  efficiency  factor  a  and  the  efficiency  77  can  be  related  by  the 
follo^ving  formula: 

2 


where  the  value  z  represents  the  ratio  1^,^, 


I 

g 


being  the  impulse  of  the  shell  on 


I 

leaving  the  muzzle.  The  value  z  is  therifore  dependent  on  the  interior  ballistics  of 
the  gtin.  The  dependence  77  =  f  (a, z)  can  be  shown  in  a  curve  v/ith  z  for  a  parameter. 
From  the  recoil  velocity  values  obtained  at  the  recoil  measuring  rig,  the  efficiency 
factor  is  defined  as  follows: 


a  =  ^o  \o  ~  \o  ^Rm 

“roV-  \  "o 

where  is  the  recoil  velocity  without  the  recoil  brake  and  the  recoil 
velocity  with  the  brake.  is  the  mass  of  the  shell  and  v^  the  muzzle  velocity. 

V 

It  has  already  been  said  that  the  weight  of  the  muzzle  brake  cannot  be 
increased  arbitrarily.  In  order  to  have  a  light  version,  the  material  used  must  be 
exploited  to  its  full  capacity.  This  is  important,  since  the  forces  applied  to  the 
gun  barrel  by  the  muzzle  brake  are  high.  The  muzzle  brakes  produced  in  Germainy 
since  1945  ar®  mainly  made  from  cast  steel,  (usually  GS-35  Cr.  Mo)  104  steel. 

This  material  is  annealed  to  a  breaking  strength  of  85  kp/mm^ ,  a  yield  strength  of 
65  kp/ram2  a  breaking  elongation  of  11  per  cent.  Its  notched  bar  impact  strength 
is  7  kpm/cm^  at  a  temperature  of  20  G. 

Muzzle  brakes  for  the  155  Ml09g  are  made  from  this  steel  aind  are 
produced  by  the  B.S.I.  Company.  Very  many  experiments  had  to  be  conducted  before 
a  crack— free  casting  could  be  produced.  This  freedom  from  cracks  is  most  important 
in  view  of  the  very  high  stressing  of  the  material  in  use. 

Casting  non-symmetrical  muzzle  brakes,  such  as  the  proposed  FH  70  design 
presents  additional  problems  but  these  are  being  solved. 

Forging  and  welding  fabrication  methods  are  also  being  investigated  for 
muzzle  brake  production. 

Item  6  M109  test  firin,gs  with  U.S.  and  F.R.C.  muzzle  brakes  and  XM119  charges 

R.M.  Walsh,  U.S. 

Introduction 


This  presentation's  purpose  is  to  describe  the  combat  vehicle  project 
manager’s  office  experiences  when  firing  the  super  propelling  charge  XM119  in 

the  MIO9. 
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It  will  cover  the  followings- 

1.  Discussion  of  general  background, 

2.  Discussion  of  2100  round,  XM119  charge  endurance  test  conducted  in 
July-September  1966  U. S,  muzzle  brake. 

3.  Artillery  Board* s  final  conclusions. 

if.  Discussion  of  AMC*s  alternate  proposals  to  extend  the  range  of  the  M109* 

5*  Discussion  of  U. S.  V.R.S.  P.R.G.  blast  comparison  test  conducted  in 
February  1968. 

6.  Discussion  of  2100  round,  XM119  charge  endurance  test  conducted  in 

January  1968  F.R.G.  muzzle  brake. 

7.  Discussion  of  long  tube  approach  to  extend  the  range  of  the  M109* 

The  M109  was  type  classified  on  the  basis  it  would  exceed  the  maximum  range 
(14,500  meters)  tr  it*s  predecessor,  the  HSP  M44A1 .  Extended  range  was  subsequently 
achieved  through  development  of  the  XMII9  super  propelling  charge  which  was  type 
classified  (LP). 

A  2100  round  XM119  charge  test  was  subsequently  conducted  by  USAARTYBD 
in  July-September  1966  to  establish  the  durability  of  the  M109  using  the  new  super 
propellant  charge. 

The  vehicle  was  severly  damaged  and  the  crew  experienced  some  discomfort 
as  a  result  of  the  XMII9  charge  blast.  Details  of  the  failures  encountered  during 
the  durability  test  are  given  in  table  1* 

The  USAARTYBD  concluded  that  the  Ml 09  was  not  compatible  with  the  super 
propellant  charge  XM119  for  the  following  reasons. 

1 .  Excessive  maintenance  required. 

2.  Excessive  blast  pressure  is  harmful  to  crew. 

3.  Potential  safety  hazard  in  cracked  muzzle  brake  and  bore  evacuator. 

4*  Blast  and  flash  reveal  the  position. 

As  a  result  of  failure  to  meet  the  M109  extended  range  requirement  with 
the  XMII9  charge  a  working  group  was  formed  to  determine  a  suitable  course  of  action. 
Since  ruggedizing  the  vehicle  would  not  solve  the  problem  it  was  determined  that 
aiiy  successful  solution  would  require  a  reduction  in  blast  over-pressure. 
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Two  possible  alternative  proposals  were  selecteds 

1.  Use  P.R.G.  muzzle  brake  on  standard  M109« 

2.  Replace  existing  M126E1  tube  with  the  new  long  tube  being  developed 
for  the  XMI58  programme  and  use  the  XMII9  charge. 

Subsequently,  a  blast  comparison  test  between  the  U*S.  and  P.R.G.  muzzle 
brake  was  conducted  in  February  I968.  The  gauge  layout  and  results  obtained  are 
shown  in  figs.  1a  and  1b.  The  results  show  that  from  a  blast  point  of  view  the 
P.R.G.  brake  is  somewhat  superior  to  U.S. 

A  2100  round,  XM119  charge  durability  test  using  a  standard  M109  equipped 
with  the  P.R.G.  muzzle  brake  was  initiated  in  January  1968  to  determine  compati¬ 
bility  of  the  system.  The  test  was  tentatively  terminated  in  February  1968  after 
1722  rounds  of  XM119  charge  had  been  fired  and  5^2  miles  of  operation  has  been 
accumulated.  The  results  of  this  test  are  given  in  table  2. 

The  long  tube  proposal  for  extending  the  range  will  now  be  discussed. 
Advantages  of  this  approach  are  that  it  would: - 

1.  Achieve  18,000  meter  range. 

2.  Give  acceptable  blast  over-pressure. 

3*  Give  acceptable  firing  loads. 

4*  Increase  vehicle  stability. 

5.  Use  MIO7  family  stockpiled  projectiles. 

6.  Increase  cannon  life  (8,000  rds). 

7.  Be  a  ”low  risk**  project. 

8.  Have  considerable  potential  **range  growth**. 

In  a  comparison  of  standard  and  long  tubes,  blast  over-pressure  readings 
were  measured  at  four  locations  for  both  the  standard  M126E1  (1I6  inch  shot  travel) 
tube  and  the  longer  tube  XP-8  (200  inch  shot  travel).  Both  tubes  were  equipped 
with  the  standard  M109  muzzle  brake.  Three  sets  of  readings  were  recorded: 

MI26EI  tube  with  XMII9  charge  8 
M126EI  tube  with  M4A1  charge  7 
XP-8  (long  tube)  XM119  charge  8 


Results  are  shown  in  fig.  2. 
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Obviously  any  solution  to  the  over-pressure  problem  with  charge  8  which 
results  in  pressures  not  greater  than  the  standard  charge  7  and  the  M126E1  tube 
combination  would  be  satisfactory*  This  is  based  on  the  experience  gained  from 
firing  thousands  of  charge  7  roimds  from  individual  Ml09s*  It  can  be  seen  from 
fig*  2  that  the  blast  pressure  for  charge  8  with  the  long  tube  is  less  than  the 
middle  reading  pressure  which  is  charge  7  with  the  M126E1  tube.  It  is  also 
significantly  lower  than  charge  8  with  the  M126E1  tube. 

Chamber  and  muzzle  presure  have  been  compared  under  the  above  firing 
conditions ; 


Chamber  and  Muzzle  Pressure  Comparison  Firing  Data 


Cannon 

Weapon 

Charge 

Zone 

Chamber 

Press. 

Muzzle 

Press. 

M1 26E1 

M109  SP 

M4A1 

7 

psi 

36,400 

psi 

7,500 

M126E1 

M109  SP 

XM119 

8 

48,000 

13,000 

XP-8 

M109  SP 

XM119 

8 

34,600 

7,000 

* 

Long  Tube 

Both  chamber  and  muzzle  pressure  are  lower  than  when  firing  charge  8  long  tube  than 
charge  7  short  tube.  Therefore  the  long  tube  lower  blast  pressure  readings 
result  not  only  from  the  muzzle  brake  being  further  from  the  vehicle  but  also 
from  the  lower  muzzle  pressure. 

Fig.  3  shows  the  M109  vehicle  equipped  with  the  long  tube. 

Item  7  The  interaction  of  the  man-weapon  system  and  studies  involving  muzzle 
^as  dynamics  Mr.  S.S.  Lentz,  U.S. 

Limited  studies  have  been  conducted  at  the  Ballistic  Research  Laboratories 
involving  muzzle  gas  dynamics  and  its  effect  on  the  interaction  of  the  man-weapon 
system*  Equations  have  been  developed  including  the  effects  of  muzzle  brakes  and 
muzzle  brake  compensators  for  predicting  the  dispersion  of  automatic  weapons  fired 
in  short  bursts  from  the  shoulder  of  a  rifleman  in  the  standing  position.  The 
purpose  of  developing  the  equations  was  to  determine  the  contribution  of  the  various 
weapon  parameters  in  dispersion  and  to  determine  methods  of  reducing  their  effect* 

In  the  equations,  the  motion  of  the  weapon  was  considered  to  be  a  rigid  body 
rotation  about  the  centre  of  the  buttplate  and  the  length  of  burst  was  restricted  to 
periods  of  time  which  did  not  exceed  man’s  reaction  time  (0.14  to  0.20  sec). 

An  empirical  approach  was  pursued  because  of  the  complexity  of  the 
constraints  placed  on  the  weapon  through  the  arms  and  shoulder  of  the  rifleman. 

The  mathematical  model  considered  is  illustrated  in  fig*  1*  Constants  for  the 
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equations  of  rotation  were  determined  empirically  and  include  constants  of  integration 
combined  with  correction  factors  to  compensate  for  the  effects  of  the  moment  of 
inertia  and  physiological  response  of  the  arms  and  shoulder  and  for  errors  in  the 
location  of  the  point  of  rotation.  To  obtain  the  constants,  target  data  were  analysed 
from  tests  previously  conducted  by  the  Development  and  Proof  Services,  the  Human 
Engineering  Laboratory,  and  Ft.  Banning.  The  following  weapons  were  fired  in  the 
tests: 


(a)  BAR 

(b)  M14  Rifle 


(c)  M2  Automatic  Carbine 


(d)  M16  Rifle 

(e)  Automatic  Cal.  0.22  Rifle. 


By  introducing  the  values  for  the  weapon  parameters  and  the  distance  between  target 
impacts  in  the  equations,  the  constants  and  were  determined.  The  resulting 
equations  are  as  follows:  : 


62 
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03 
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where : 


02  =  distance  between  the  first  and  second  impacts  on  the  target,  mils 

03  =  distance  between  the  first  and  third  impacts  on  the  target,  mils 

I  =  moment  of  inertia  of  the  rifle  about  an  effective  pivot  at  the 
centre  of  the  buttplate,  lb  ft  sec^ 

=  recoil  impulse,  lb  sec 

R  =  cyclic  rate,  shots  per  minute 

It  should  be  noted  that  the  dispersion  is  directly  proportional  to  the  recoil  impulse, 
thus  the  contribution  of  a  muzzle  brake  should  significantly  affect  dispersion.  If 
a  muzzle  brake  compensator  is  considered,  the  equations  for  predicting  dispersion 
are  modified  by  adding  a  clockwise  moment  term: 


where:- 


a.  02  =  ^  [I  (h)  -  L] 

b.  03  =  “  [I  (h)  -  L] 


I  =  compensating  impulse,  lb  sec 
c 

L  =  horizontal  distance  from  centre  of  buttplate  to  centre  of  niuzzle 
compensator,  in. 

As  a  result  of  the  study  of  interaction  of  the  man-weapon  system,  separate 
investigations  were  planned  to  continue  the  study  of  the  functions  I  ,  I,  R  and  L 
with  respect  to  their  effect  on  dispersion.  For  the  purpose  of  this  discussion,  we 
are  primarily  interested  in  the  reduction  of  the  effect  of  the  gas  term  in  the 
equation  for  recoil  impulse  through  the  use  of  muzzle  brakes  and  muzzle  brake 
compensators. 


,  W  V  ,  W  G 
=  P  P  +  _c_ 

g  g 

where:  =  recoil  impulse  measured  with  the  ballistic  penduliom,  lb  sec 

W  =5  weight  of  the  projectile,  lbs 
P 

V  =  velocity  of  the  projectile  measured  with  lumiline  screens,  ft/sec 
P 


g  =  gravity,  ft/sec‘ 


W  =  weight  of  charge,  lbs 
c 


G  =  effective  escape  velocity  of  the  gas,  ft/sec 

Study  of  the  available  gas  term  is  important  in  the  design  of  muzzle  attachments 
since  the  ratio  of  varies  considerably  in  military  small  arras.  For  example 


Rifle 


w  y W 


M14 

M16 


0.33 

0.50 


Experimental  Weapon 


1.00 


To  determine  the  effect  of  variation  in  the  ratio  of  W ^Wp,  the  single  baffle  brake 
shown  in  fig.  2  was  constructed  for  a  Cal.  0.223  rifle.  The  tubular  support 
extended  rearward  over  the  barrel  to  provide  a  large  expansion  chamber.  It  was 
anticipated  that  arrangements  for  reducing  the  blast  and  noise  might  be  later 
incorporated  in  the  chamber. 
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A  ballistic  penduliom  was  used  to  measure  the  recoil  impulse  with  and 
without  the  brake.  Tests  were  conducted  with  three  weights  of  projectiles  and 
Several  weights  of  charge,  giving  a  range  of  weight  of  charge  to  weight  of 
projectile  from  about  0.3  to  2.7*  The  results  are  shown  in  fig.  3* 

In  an  attempt  to  obtain  a  simple  method  of  describing  the  action  of  a 
given  brake  on  a  given  weapon,  several  efficiencies,  77,  were  calculated  from  the 
data.  Fig.  4  shows: 


based  on  recoil  energy 
V2  based  on  recoil  momentum 
773  based  on  momentum  of  gas 

When  considering  only  the  action  of  the  brake,  the  recoil  energy,  or  ^1,  is  not 
considered  a  pertinent  factor  because  it  includes  the  weight  of  recoiling  parts. 

The  recoil  momentiim  is  not  especially  pertinent  because  it  includes  the  momentum 
of  the  projectile.  The  moraentvim  of  the  gas  is  important  in  the  braking,  and  it 
turns  out  in  this  case,  that  the  efficiency  based  on  it  is  practically  constant. 

We  can  say,  therefore,  that  in  this  particular  combination  of  brake  and  rifle, 
the  brake  diverts  a  constant  proportion  of  the  gas  momentiam  rearward,  irrespective 
of  the  magnitude  of  the  gas  momentum.  Whether  or  not  a  similar  condition  holds  for 
other  combinations  or  calibres  is  not  known.  An  analysis  of  other  test  results  may 
be  interesting. 

Further  studies  have  been  conducted  to  determine  the  reduction  in  recoil 
impulse  as  the  gases  are  deflected  at  a  variety  of  angles  to  the  centreline  of 
the  bore  with  the  deflecting  baffle  placed  at  different  distances  forward  of  the 
muzzle.  In  addition,  muzzle  devices  have  been  investigated  in  which  lateral  holes 
were  drilled  through  the  barrel  near  the  muzzle  to  replace  the  baffle  and  the 
gases  were  vented  into  a  perforated  sleeve  surrounding  the  barrel.  The  sleeves 
provide  sound  attenuation,  flash  suppression  and  compensation.  The  efficiency,  77, 
of  the  two  devices  was  determined  in  terms  of  ability  to  divert  the  gas  momentiam 
as  follows:  ; 

Type  A  Type  B 

Condition  V  7] 

Perforated  barrel  0.86  O.9O 

Perforated  barrel  v//sleeve  0.49  0.83 

NOTES;  1.  lype  A  about  1.25  ins  of  barrel  after  perforations. 

2.  Type  B  about  16  ins  of  barrel  after  perforations. 

3.  Efficiency  was  lower  with  the  addition  of  the  sleeves  which 
covered  perforations  and  unperforated  sections  of  barrel. 

An  efficiency  statement  is  helpful  in  providing  a  number  for  each 
muzzle  device  which  is  relatively  independent  of  the  loading  ratios  of  ammunition. 
For  example^  an  efficiency  of  1.00  represents  the  diversion  of  the  total  gas 
momentum  90  to  the  direction  of  undisturbed  flow  and  efficiency  of  2.00  represents 
the  diversion  of  the  gas  momentiim  18O  to  the  direction  of  undisturbed  flow# 


Muzzle  brake  compensators  have  been  studied  and  a  number  of  the  devices 
have  been  timed  using  the  ballistic  pendulum#  To  optimize  the  timing,  the  weapon 
is  placed  on  its  side  in  the  pendulum  bob  and  the  venting  at  the  muzzle  is  varied 
until  the  resultant  vector  formed  by  the  recoil  impulse  and  the  compensation  impulse 
passes  directly  through  the  effective  point  of  rotation  in  the  man.  Studies  of 
muzzle  brake  compensators  verify  the  following. 

(a)  There  is  no  true  universal  setting  which  can  be  made  equally 
effective  man-to-man  and  position-to-position. 

(b)  Blast  and  noise  experienced  by  the  firer  are  generally  increased. 

(c)  Flash  in  many  cases  is  increased. 

SESSION  III  -  PHYSIOLOGICAL  ASPECTS 


Item  1  •  1  Instructional  Film  -  ^^LANGEROUS  NOISE**  -  Ministry  of  Defence  (Naval) 

Reference  AI868.  Notes  prepared  for  service  and  official  recipients 

Surgeon  Commander  R.R.A.  Coles,  R.N. ,  Royal  Naval  Medical  School, 

Alverstoke,  Hampshire,  England 

This  film  was  proposed  by  the  RN  Medical  School,  accepted  and  ordered  by 
the  Ministry  of  Defence  (Director  General  Naval  Training)  and  made  by  Stewart  Hardy 
Films  Ltd.  under  the  direction  of  Mr.  G.  Fergusson  and  with  Surgeon  Commander  Coles 
as  technical  advisor.  The  final  script  was  the  work  of  Mr.  Fergusson,  advised  by 
the  Royal  Navy  and  Royal  Marine  departments  concerned,  by  an  invited  panel  of  experts 
on  hearing  conversation  and  by  representatives  of  the  Army  and  Royal  Air  Force. 

Whilst  the  primary  object  of  the  film  was  to  meet  the  requirements  of  the 
Royal  Navy,  Royal  Marines,  naval  dockyards,  etc.,  care  was  taken  in  Parts  1  and  2 
by  means  of  suitable  illustrations  to  show  that  the  same  problems  and  remedial 
measures  exist  in  the  Army,  in  the  Royal  Air  Force  and  in  industry. 

The  film  is  in  colour,  with  normal  (optical)  so\md,  and  is  in  16  mm  size. 

It  divides  into  three  parts  on  separate  reels* 

Part  1,  sub-titled  "Listen  while  you  can",  runs  for  21  minutes.  This  is 
intended  for  audiences  of  persons  who  are  exposed  to  high  levels  of  noise.  It  makes 
them  aware  of  the  harmful  effects  of  noise  and  the  means  of  preventing  these  effects. 

Part  2,  sub-titled  "Medical  aspects  and  hearing  conversation",  runs  for 
22  minutes.  This  part  is  more  technical  than  Part  1,  but  repeats  several  sequences 
shown  in  Part  1.  It  is  intended  for  medical,  administrative  and  technical 
audiences.  It  describes  noise  dea.fness  and  such  matters  as  noise  measurement  and 
evaluation,  noise  reduction,  ear  protection  and  monitoring  audiometry. 
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Part  3>  sut-titled  "Hear  your  enemy",  runs  for  11  minutes.  It  is 
classified  RESTRICTED  and  is  intended  primarily  for  Royal  Marines  and  other  ground 
forces.  It  is  concerned  with  the  harmful  effects  of  previous  noise  exposure  on  the 
ability  to  detect  the  sounds  made  by  approaching  enemy  personnel. 

Applications  from  abroad  for  loan,  issue  or  purchase  of  Parts  of  the  film 
including  Part  3  should  be  made  through  official  channels  to  the  Director  General 
of  Naval  Training,  Ministry  of  Defence  (Navy),  London,  S.W.  1.  Alternatively, 

Part  1  (ref.  No.  U.K.  l888)  or  2  (ref.  No.  I889)  may  be  hired  or  purchased  (i), 
in  the  case  of  applicants  from  abroad,  from  the  Films  Division,  Room  507?  Central 
Office  of  Information,  Hercules  Road,  London,  S.E.1.  or  (ii),  in  the  case  of 
applicants  from  within  the  United  Kingdom,  from  the  Central  Film  Library,  Government 
Building,  Bromyard  Avenue,  London,  W.3  (the  hire  fee  in  this  case  being  £1  per  part 
for  the  first  day  of  use  and  the  purchase  charge  being  £54  per  part). 

Item  1.2  Communication  problems  with  intermittent  impulse  noises 

Surgeon  Commander  R.R.A.  Coles,  RNI:?r  U.K.  (Paper  not  actually  presented) 

The  speech-to-noise  ratios  at  the  moments  of  gunfire  noise  are  so  low 
that  speech  at  those  moments  is  inaudible,  with  or  without  ear  protection.  Between 
the  noises,  in  periods  of  complete  or  relative  quiet,  the  audibility  of  speech 
depends  mainly  on  the  sound  level  reaching  the  listener.  In  many  situations,  for 
example  in  field-firing  exercises,  the  listeners  are  at  considerable  distances  from 
the  speaker  and  the  audibility  of  verbal  communication,  such  as  fire-control  orders, 
may  be  marginal  even  without  ear  protection. 

These  potentially  dangerous  situations  present  the  greatest  single 
obstacle  to  use  of  ear  protection  and  preservation  of  the  good  hearing  ability 
that  is  necessary  for  soldiers’  maximum  efficiency.  The  twin  problems  of 
need  for  ear  protection,  and  unimpaired  communication  must  be  considered  together 
and  research  effort  made  to  provide  a  satisfactory  solution  to  these  problems. 


Table  t  gives,  on  the  left  hand  half,  the  peak  levels  of  impulse  noises 
that  are  potentially  hazardous  for  lung  damage,  eardrum  rupture  and  auditory  damage. 
In  the  right  half  of  the  slide  are  listed  the  peak  levels  produced  by  some  military 
weapons  and  other  impulse-noise  sources. 

Situations  where  the  need  for  ear  protection  together  with  a  need  for 
good  hearing  ability  arise  very  frequently  in  military  operations.  For  example  a 
section  laying  down  covering  fire,  especially  when  lying  "en-echelon" ,  need  to 
protect  their  ears;  at  the  same  time,  there  is  a  clear  need  for  inimpaired 
audibility  of  fire-control  orders.  The  safety  of  the  adjacent  sections  that  are 
possibly  making  a  flanking  attack  depends  on  prompt  and  correct  responses  to  the 
fire  control-orders. 

The  standard  British  issue,  V.51R-type,  earplug  reduces  speech  sounds  by 
about  20  decibels.  The  Selectone-K  earplug,  by  selecting  the  high  tones  for 
greater  attenuation  and  the  low  tones  for  less  attenuation,  is  better  but  still 
produces  I5  decibels  reduction  of  speech  sounds.  Thus,  use  of  plugs  having  the 
property  of  "frequency-selectivity"  offer  some  advantage,  but  not  enough  to 
constitute  a  major  improvement'  in  the  communicationnproblem.'^.. 
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The  performance  of  various  earplugs  has  been  studied  in  an  ^artificial 
ear".  A  central  narrow  tube  corresponds  to  the  ear  canal,  and  the  trial  earplugs 
are  inserted  in  the  left  end  of  it.  A  1-inch  Bruel  and  Kjaer  microphone  at  the 
right  measures  the  soiind  level  reaching  the  "tympanic  membrane"  and  a  -^-inch 
microphone  at  the  left  measures  the  sound  level  outside  the  ear  canal.  A 
hearing-aid  type  of  telephone  on  top  of  the  "ear"  is  used  to  produce  the  sound 
field  outside  the  ear  canal.  The  difference  in  levels  recorded  by  the  ^inch 
microphone  on  the  left,  and  the  1-inch  microphone  on  the  right  is  a  measure  of 
the  attenuation  properties  of  the  earplug  in  the  "ear  canal". 

Very  useful  developments  have  been  made  by  Mr.  M.R.  Forrest,  of  the 
Royal  Naval  Medical  School,  who  has  produced  experimental  earplugs  with  only  about 
5  decibels  attenuation  of  low  intensity  sounds,  such  as  speech,  but  with  rising 
attenuation  as  incident  sound  intensity  rises.  At  the  most  hazardous  level  they 
provide  virtually  the  same  degree  of  protection  as  the  standard  V5IR  earplug, 
which  has  a  virtually  constant  20  decibels  attenuation  at  all  intensity  levels. 

Another  "amplitude  sensitive"  device  has  been  produced  by  the  Explosives 
Research  and  Development  Establishment  Waltham  Abbey  Essex  and  is  known  as  the 
ERDEfender. 

It  consists  of  a  bulky  pair  of  ear-muffs  each  with  a  microphone  on  the 
outside,  an  internal  amplifier  with  peak  limiting  characteristics,  and  a  telephone 
earpiece  inside.  Up  to  a  level  of  95  decibels,  all  sounds  are  transmitted  with  a 
1-to-1  gain  function.  Speech  intelligibility  with  the  ERDEfender  is  under 
study  at  RN  Medical  School  and  appears  to  be  very  good;  also,  because  there  is 
a  microphone-amplifier-speaker  unit  for  each  ear,  localisation  of  sound  sources  and 
associated  phenomena  are  unimpaired  (and  possibly  enhanced  due  to  the  wider 
spacing  of  the  microphone  as  compared  with  the  ears).  The  gain  of  the  amplifier 
is  limited  to  95  decibels,  and  sounds  of  95  ‘to  135  decibels  are  transmitted  at 
the  95  decibel  level;  above  135  decibels  however  some  of  the  additional  external 
sound  enters  the  ear,  having  passed  through  or  around  the  body  of  the  ear-muff. 

At  low  levels  therefore  speech  is  heard  without  impairment,  whilst  at  high  levels 
the  headset  behaves  like  an  ordinary  pair  of  ear-muffs.  Its  likely  applications 
are  for  heavy  weapon  and  artillery  firings,  though  some  further  development  is 
needed  to  make  it  sufficiently  robust  for  use  in  the  field. 

In  summary  the  ERDEfender  is  proably  too  bulky  and  expensive  for  use  by 
infantrymen,  but  in  this  case  "amplitude-sensitive"earplugs  will  probably  provide 
sufficient  attenuation  of  most  of  the  noise  hazards  to  which  these  men  are  exposed. 
For  the  higher  noise  levels  produced  by  heavy  weapons  the  extra  attenuation  provided 
by  the  ERDEfender  is  valuable  and  the  headset  is  more  suitable  for  the  smaller 
numbers  of  relatively  static  personnel  exposed  in  this  situation.  In  either  case, 
communication  is  likely  to  be  very  much  better  than  with  existing  forms  of  ear 
protection. 
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Item  1#3  Auditory  damage  risk  from  iurpulse  noise  Surgeon  Commander  R#R#A#  Coles,  RN 


Introduction 


The  majority  of  work  on  auditory  damage  has  been  with  steady-state  types  of 
noise.  In  fact,  as  outlined  in  a  recent  review  of  the  subject  (Acton,  1967)>  there 
are  over  30  published  damage  risk  criteria  (D.R.C.)  of  varying  complexity  which 
express  the  levels  of  a  steady-state  noise  constituting  an  acceptable  degree  of 
auditory  hazard.  Many  of  these  criteria  may  be  adjusted  for  exposure  duration 
from  8  hr  down  to  2  min,  for  quiet  intervals  between  exposures,  for  recurrent  short 
hurts  of  noise  (down  to  0.5-sec  bursts),  and  for  pure-tone  or  narrow-band  elements 
in  the  noise.  For  impulsive  elements  in  the  noise,  little  advice  is  given  other 
than  a  vague  warning  of  probable  additional  hazard. 

The  pioneer  work  of  Murray  and  Reid  (1946),  based  on  gun  blast  and 
temporary  hearing  loss  studies  in  Australia  during  World  War  II,  enabled  them  to 
rank-order  a  number  of  named  weapons  in  terras  of  the  peak  pressures  produced  and 
the  need  for  ear  protection.  Next,  in  1965>  three  independent  sets  of  rather 
tentative  conclusions  regarding  gunfire  noise  and  auditory  hazard  were  published  in 
the  form  of  U.S.  Army  Hiiman  Engineering  Laboratories  standard  S-1-63B  and  as  open 
publications  by  Pfander  in  V7est  Germany  and  by  Rice  and  Coles  in  the  United  Kingdom. 
More  recently,  the  latter  authors,  in  association  with  the  U.S.  Arr^y  workers,  have 
published  a  more  elaborate  criterion  for  measurement  and  evaluation  of  auditory  damage 
risk  from  impulse  noises  (Coles,  Garinther,  Hodge  and  Rice,  1968).  This  paper  will 
now  be  summarised. 

Impulse  noise  measurement 

An  essential  pre-requisite  of  any  standard  for  limiting  noise  exposure 
is  a  method  of  measuring  and  expressing  the  physical  characteristics  of  the  noise. 

The  meter  ballistics  of  conventional  sound  level  meters  are  not  suitable  for  measuring 
high-intensity  short-duration  impulses,  whilst  impact  noise  analysers  have  intensity/ 
duration  integration  properties  which  do  not  as  yet  appear  to  be  a  reliable  expression 
of  the  true  characteristics  of  the  noise  (Rice  and  Coles,  1965)*  At  the  present 
time,  therefore,  measurement  is  best  obtained  by  oscillographic  display  and  subsequent 
analysis  of  the  impulse  waveforms.  For  this  purpose,  the  most  suitable  equipment 
at  present  is  considered  to  be  the  Bruel  and  Kjaer  type  4136  4'-inch  or  type  4138 
0^-inch  condenser  microphone  with  its  protection  grid  removed  (Forrest,  196?)  and 
orientated  at  grazing  incidence  to  the  wave  front.  A  Tektronix  type  564  dual-trace 
storage  oscilloscope  provides  a  very  useful  means  of  recording  the  waveform. 

Using  this  kind  of  measuring  equipment,  the  detailed  requirements  of  which 
are  discussed  in  the  author’s  original  paper  (Coles  et  al. ,  1968),  the  display  may  be 
evaluated  in  terras  of  peak  level,  principal  pressure  wave  duration  (A-duration)  in 
the  case  of  simple  waveforms,  and  pressure  wave  envelope  duration  (B-duration)  in  the 
case  of  complex  waveforms,  echoes  and  reverberant  sound  fields,  as  shown  in  fig.  1. 
Rise  time  is  also  illustrated  but  it  is  not  considered  to  be  a  parameter  of  major 
importance  for  impulses  of  explosive  origin  in  which  the  rise  time  is  virtually 
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3nt3tantaiieous  but  is  limited  ±n  effect  by  the  inability  of  the  ear  drum  and  middle  ear 
to  respond  to  such  rapid  acoustic  events  in  a  linear  fashion#  Where  the  rise  time 
is  greater,  as  in  most  industrial  and  many  laboratory  noises,  the  ear  may  transmit  the 
physical  properties  of  the  noise  more  faithfully  however,  and  for  a  given  peak  level 
this  type  of  noise  appears  to  be  more  hazardous  than  the  explosive  type  of  noise 
(Cohen,  Kylin  and  LaBenz,  1966)#  On  the  other  hand,  when  rise  times  are  in  excess  of 
about  0.5  msec  the  auditory  hazard  appears  to  be  reduced# 

Assessment  of  auditory  hazard 

This  was  based  on  studies  of  threshold  shift,  in  most  cases  of  temporary 
nature,  following  exposures  to  gun,  small-arms  and  other  explosive  noises  of  known 
physical  characteristics#  The  evidence  is  supported  by  theoretical  and  laboratory 
studies  of  the  effects  of  peak  level,  rise  time  and  pulse  duration  of  the  sensation 
of  loudness#  The  results  of  both  threshold  shift  and  loudness  studies  are  summarised 
in  appendices  to  U.S.  Arrpy  Human  Engineering  Laboratories  technical  memorandum  13^67, 
but  an  outline  of  the  manner  in  which  the  data  were  used  is  given  below. 

1.  Amount  of  auditory  effect  allowable 

As  a  secondary  criterion  for  evaluation  of  experimental  data,  the  body  of 
experts  comprising  the  U.S.  National  Academy  of  Science’s  Committee  on  Hearing, 
Bio-acoustics  and  Bio-mechanics,  Working  Group  46  considered  (CHABA,  I965)  that 
temporary  threshold  shifts  measured  2  minutes  after  the  end  of  noise  exposure  (TTS^) 
were  acceptable  if  within  the  following  limits  in  ^0  per  cent  of  persons  exposed: 

10  dB  at  or  below  1000  Hz, 

15  dB  at  2000  Hz, 

20  dB  at  or  above  3OOO  Hz# 

For  steady-state  noise,  such  TTSg  is  believed  to  be  equivalent  approximately 
to  the  likelihood  of  eventual  PTS  (Permanent  threshold  shift)  from  recurrent 
exposures  to  the  same  noise:  in  practice,  however,  the  PTS  may  be  considerably  less 
than  the  indicated  by  the  end-of-day  TTS2  (Ward,  1966).  Whilst  impulse  noise  differs 
somewhat  from  steady-state  noise  in  respect  of  its  auditory  effects,  e.g#,  nearer  to 
a  linear  relationship  to  amount  of  exposure  and  a  wider  scatter  of  threshold  shifts 
(Ward,  Selters  and  Glorig,  1961,  and  others),  the  authors  considered  it  appropriate 
to  adopt  the  CHABA  limits  of  threshold  shift  measured  two  minutes  after  the  last  of 
a  series  of  impulses,  but  with  the  qualification  that  they  should  be  applied  to 
75  P©r  cent  of  persons  exposed#  Also,  in  view  of  the  possibility  that  the  time  coiirse 
of  TTS  to  PTS  may  be  considerably  shorter  in  the  case  of  impulse  noise,  the  exposure 
limits  should  be  regarded  as  covering  many  fewer,  perhaps  10,  exposure  occasions 
per  year.  Indeed  the  variation  in  effective  exposure  to  impulse  noise,  due  to 
diffraction  effects  from  variations  in  orientation  of  the  ear  and  the  tendency  to 
highly  directional  characteristics  in  the  noise  and  possible  ”mach-stem”  types  of 
summation  of  direct  wavefronts  and  wavefronts  reflected  off  the  ground  or  other 
objects,  make  it  \inwise  to  relax  ear  protective  measures  even  for  single  occasions 
of  exposure. 
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2.  Relation  of  noise  characteristics  to  auditory  effect 

Using  the  CHABA  threshold  shift  limits,  all  the  experimental  data 
available  were  corrected  to  TTSa  (after  Kryter,  1963)  and  plotted  on  a  graph  having 
peak  pressure  level  as  the  ordinate  (corrected  by  5  <1®  for  greater  auditory  hazard 
where  impulses  arrive  at  the  ear  at  normal  incidence)  and  impulse  duration  as  the 
abscissa.  The  parameters  noted  against  each  data  plot  were  number  of  impulses, 
percentage  of  persons  exceeding  the  CHABA  limits,  the  type  of  threshold  shift 
(TTS  or  PTS)  and  the  type  of  duration  (a  or  B)*  From  these,  and  taking  into  account 
the  general  shape  of  the  intensity  v.  duration  curve  in  respect  of  loudness  of 
impulse,  a  damage  risk  criterion  or  exposure  specification  was  derived. 

The  specification  derived  by  the  method  outlined  above  is  shown  in  fig.  2. 

Apart  from  the  warning  given  above  in  paragraph  (1)  concerning  variations 
of  effective  noise  exposure  in  practice,  there  are  a  number  of  other  limitations 
and  adjustments  to  the  criterion  which  need  clear  statement  with  the  criterion. 

(i)  Where  impulses  arrive  at  normal  incidence  to  the  ear,  a  correction  of 
5  dB  should  be  made  to  the  peak  level  to  allow  for  the  greater  auditory  hazard 
involved. 


(ii)  The  criterion  is  based  on  repetition  rates  in  the  order  of  6-30 
irapulses/min,  the  repetition  rates  with  greatest  hazard  (Ward,  1962),  and  exposures 
to  around  100  impulses  per  occasion  on  perhaps  10  occasions  per  year,  XJhen  greater 
or  lesser  rates  are  used,  it  is  difficult  to  quantify  the  reduced  hazard  and  it 
might  be  advisable  to  ignore  this  factor  and  thereby  retain  an  inherent  safety  factor. 
IThere  exposure  is  to  occasional  single  impulses  only,  an  estimate  of  10  dB  has  been 
made  for  the  reduced  hazard  and  the  higher  peak  level  allowable  therefore.  Where 
other  amounts  of  exposure  occur,  interpolation  sind  extrapolation  may  be  considered. 
Forrest  (196?)  has  considered  this  matter  in  further  detail  and  estimates  that 
duration  x  number  of  exposures  (for  up  to  100  exposures)  might  be  a  more  suitable 
measure  of  hazard. 

(iii)  If  it  is  desired  to  cover  a  larger  percentage  of  persons,  the 
specified  peak  levels  might  be  lowered  by  about  ^  10  dB  or  even  15  dB  to  cover 

the  90,  95  OT  higher  percentiles  respectively.  It  is  pointed  out,  however,  that 
average  threshold  shifts  of  the  CHABA  limits  magnitude  already  involve  a  considerable 
safety  margin  with  respect  to  the  threshold  of  auditory  disability:  it  is  considered, 
therefore,  that  the  75  percentile  would  be  suitable  for  most  practical  purposes. 

(iv)  When  ear  protectors  are  worn,  allowances  of  about  20  dB  for  earplugs 
(e.g. ,  V-51  R  type  or  "glass-down")  or  35  ^  fluid-seal  ear-muffs  may  be 
applied. 
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Item  2  Noise  damage  risk  criteria  Lt.  Col.  J.L.  Fletcher,  U.S. 

The  sound  pressure  levels  (SPL*s)  from  conventional  artillery  are  known  to  be 
of  sufficient  intensity  to  be  a  hazard  to  the  hearing  of  crew  members.  Artillery 
provided  with  muzzle  brakes  constitute  an  even  greater  danger  in  view  of  the  ^ 
increased  SPL  resulting  from  blast  deflection  into  crew  positions#  To  date,  no 
adequate  helmet  or  other  hearing  protective  measure  is  routinely  provided  for 
artillery  crew  members#  In  view  of  this  situation,  it  would  appear  that  the  hearing 
of  crew  members  is  in  danger  and  that  appropriate  measures  should  be  taken  to 
conserve  hearing#  A  start  in  that  direction  is  the  formulation  of  damage  risk 
criteria  (DRC)  for  exposure  to  impulse  sound#  Although  reasonably  adequate  damage 
risk  criteria  are  available  for  exposure  to  steady-state  noise,  no  widely  accepted 
criteria  exist  for  impulse  noise# 


In  the  U#S#,  the  National  Research  Coiancil  -  National  Academy  of  Sciences, 
Commission  on  Hearing  Bio-Acoustics  and  Biomechanics  (CHABa)  has  been  concerned 
with  this  problem#  Recently,  Dr#  W.D.  Ward  formulated  tentative  impulse  noise  DRC 
and  circulated  them  among  WG  50  CHABA  members#  These  criteria  were  based  in  large 
measure  on  results  of  work  of  one  of  the  participants  of  this  meeting,  Surg.  Cdr# 
R.R.A#  Coles,  RN#  The  following  is  extracted  from  Dr#  Ward# 

In  1965  Rice  and  Coles  {^th  ICA,  Liege)  presented  an  article  on  ’^Impulsive 
noise  studies  and  temporary  threshold  shift**.  On  the  basis  of  some  studies  of 
temporary  threshold  shifts  (TTS)  produced  by  various  weapons,  they  recommended  a 
limit  of  165  dB  SPL  for  ’*occasional  single  impulses**  provided  that  the  root  mean 
square  (RMS)  level  dropped  by  20  dB  in  20  msec  or  less  (i#e#  londer  open-field 
conditions),  155  dB  SPL  for  **repeated  exposure**#  If,  as  lander  reverberant  conditions 
the  level  does  not  drop  20  dB  in  20  msec,  the  recommended  limits  are  reduced  10  dB 
i#e#,  to  155  dB  for  single  pulses,  145  repeated#  They  took  care  of  the  most 
sensitive  ears  by  saying  that  **for  persons  who  are  highly  susceptible  to  noise- 
induced  hearing  loss,  reduction  of  at  least  5  dB  should  be  made  on  the  above  values*’# 
This,  of  course  brings  them  back  to  out  I40  dB  for  repeated  pulses,  but  only  \inder 
reverberant  conditions# 

The  following  year,  Gjaevens  (journ#  Acoust#  Soc#  Amer%  -  JLASA  403) 
reported  measiirements  on  various  firecrackers  and  children* s  toys#  Accepting  Rice 
and  Coles*  I65  dB  limit  but  reducing  it  by  5  dB  to  provide  for  susceptible  ears,  he 
found  that  this  l60-dB  level  was  exceeded  if  ordinary  (**Cajiiel**)  firecrackers  went 
off  closer  than  1  meter  away#  Hodge  and  McCommons  (JASA  40,  911)  quickly  argued  that 
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the  l60-dB  criterion  was  too  high,  because  we  should  try  to  protect  children  from 
any  amount  of  TTS,  and  it  had  been  shown  that  140-4B  pulses  could  produce  TTS. 
Gjaevenes’  (JASA  42,  268)  report  was  that  protecting  children  from  any  TTS  would  be 
‘’difficult  in  practice”  (l  am  confident  he  meant  “impossible””)  and  he  further 
argued  convincingly  that  if  I40  dB  represented  a  serious  risk  of  permanent  loss, 
the  incidence  of  such  losses  in  Oslo  children  would  be  much  higher  than  actually 
foimd.  But  he  closes  this  letter  by  retreating  to  155  ^  as  a  reasonable  criterion. 

This  apparently  convinced  at  least  Hodge,  if  not  McCommons,  because  in 
1968,  Coles,  Garinther,  Hodge  and  Rice  collaborated  on  a  joint  paper  presenting 
extensive  data  relevant  to  impulse  DRC  that  had  been  gathered  at  Aberdeen  and  at 
Southampton.  On  the  basis  of  this  and  other  evidence,  and  using  various  extrapolative 
techniques  to  bring  them  ail  together,  they  offer  a  new  and  fairly  involved  criterion. 
Two  durations  are  defined:  the  ‘A’  duration  is  the  duration  of  the  initial  pulse  - 
i.e.  from  the  beginning  of  the  wave  front  to  the  first  time  the  pressure  passes 
through  normal;  the  ‘B’  duration,  on  the  other  hand,  is  the  time  from  onset  until 
"the  envelope  of  the  pressure  fluctuations  drops  20  dB  below  the  initial  peak  pressure 
level.  Their  proposed  limit  for  ‘A’  d\iration  of  1  msec  or  more  is  l62  dB,  increasing 
as  duration  decreases  to  about  172  dB  for  100  raicrosec,  and  then  accelerating  to  go 
off  their  graph  at  177  dB  and  50  microsec.  The  allowable  ‘B’  duration  decreases  at 
about  2  dB/doubling-time,  from  16O  dB  at  2.5  msec  to  145  dJB  at  about  700  msec.  Note 
that  rise  time  per  sec  is  ignored,  probably  justifiably. 

These  limits,  they  believe,  represent  criteria  that  will  just  produce  the 
CHABA  criteria  of  TTS  (TTS^  =  20  dB  at  3  KSz  or  above)  in  the  most  susceptible 
grazing  incidence.  For  nomal  incidence,  the  A  criteria  should  be  lowered  5 
They  indicate  that  an  additional  10  dB  decrease  would  protect  all  but  ”an  occasional 
person”*  Finally,  they  feel  that  if  only  a  single  isolated  pulse  is  involved,  the 
criteria  might  be  10  dB  higher  (as  in  1965)- 

Apparently  the  curves  do  no  great  violence  to  the  data,  and  they  did 
include  all  the  published  information  (but  of  course  some  of  their  extrapolation 
techniques  may  need  future  revision,  as  they  indicate  themselves).  One  possible 
exception  is  the  rapid  acceleration  of  the  curve  at  extremely  short  durations.  This 
is  apparently  based  on  the  Fort  Knox  work  with  the  Benson  arc  discharge  apparatus 
but  in  this  case  the  extrapolation  appears  to  me  to  be  so  extreme  that  I  would  suggest 
that  for  simplicity  the  curve  be  kept  straight,  at  the  same  2  dB/doubling-time  that 
apparently  holds  for  ‘B’  duration. 

So  once  again  we  return  to  the  perennial  question:  “What  fraction  of  ears 
are  to  be  protected?”  If  we  will  settle  for  75/^>  then  their  suggestion  appears  to 
be  essentially  correct.  Let  me  illustrate  this  with  my  particular  impulses  (square 
pulse  to  Altec  20801,  giving  a  damped  exponential  with  B  approximately  4  msec, 
according  to  Coles  et  al).  According  to  their  chart,  the  permitted  level  for  B=4 
msec  is  158  dB,  or,  corrected  to  normal  incidence  (which  I  use),  153  dB*  Now  as  a 
matter  of  fact,  when  20  clicks  were  presented  in  1  rain  at  153  dB  to  49  listeners,  the 
75^ile  shift  was  just  about  20  dB  at  30  sec  recovery.  Such  a  shift  would  probably 
drop  to  about  10  dB  in  another  90  sec  (i.e.,  TTS^).  100  clicks  might  therefore  be 
expected  to  result  in  some  50  dB  of  TT^ ,  which  is  not  too  badly  off. 


* 

TTS^  =  Temporary  threshold  shift  2  mins  after  exposiire 
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The  trouble  is  that  the  sensitive  25^  would  have  some  terrific  losses 
indeed  when  exposed  to  100  of  these  l53“iB  pulses,  if  extrapolation  is  warranted 
(and  I  think  I  showed  on  my  ear  that  it  is  -  JASA  33 >  791 )•  The  most  sensitive 
ear  of  the  98  showed  a  TTSg  of  50  ^  after  20  pulses  at  150  dB;  100  pulses  would 
then  develop  some  250  dB  of  TTS2 ,  if  the  rule  held  that  the  TTS  is  proportional 
to  nimiber  of  clicks  presented!  So  we  must  invoke  the  10-4B  safety  factor;  this 
would  reduce  the  limit  to  143  instead  of  153*  Returning  to  the  data,  I  find 
that  after  20  clicks  at  145  d.B,  the  highest  9  dB,  which  would  correspond 

to  a  TTS  of  less  than  5  So  even  100  pulses  would  have  just  reached  the 

criterion  for  this  most  sensitive  ear  in  this  particular  sample# 

In  my  opinion,  therefore,  we  might  well  recommend  a  criterion  for  the 
armed  forces  similar  to  that  of  Coles  et  al  for  a  100-pulse  exposure,  with  a  5"‘i8 
difference  for  normal  vs.  grazing  incidence.  What  is  to  be  done  about  situations 
involving  numbers  other  than  100  is,  however,  still  a  moot  point,  it  appears  to  me. 
Coles  et  al  said  the  criterion  applied  to  ”50“’200”  pulses  rather  than  100.  But  200 
pulses  will  produce  4  times  as  much  TTS  as  50  pulses  in  those  ears  that  (1)  are 
affected  at  all  by  that  level,  but  (2)  get  only  5“"15  dB  of  TTS  from  50  pulses.  So 
we  must  be  careful  to  talk  about  the  niomber  of  pulses. 

Item  3  The  effects  of  gun  blast  on  hearing  Br.  M.A.  Elwood,  U.K. 

The  U.K.  Army  Personnel  Research  Establishment,  (A.P.R.E.)  has  studied  the 
effects  of  gunfire  upon  hearing  in  the  British  Army  which,  it  is  understood,  is 
subjected  to  the  same  problems  as  in  other  European  countries  and  the  U.S.A. 

A  brief  survey  of  the  literature  was  sufficient  to  show  that  the  majority 
of  weapons  in  service  were  a  hazard  to  hearing.  Therefore  no  attempt  was  made  to 
monitor  the  effects  of  more  than  a  few  selected  weapons  upon  the  unprotected  human 
ear,  and  then  only  in  strictly  controlled  experiments.  The  adequacy  of  the  issued 
ear  plug  was  assessed  by  monitoring  hearing  ability  before  and  after  the  wearers 
had  fired  their  weapons.  Sensitivity  was  assessed  to  ensure  that  the  relatively 
small  groups  of  men  studied  for  each  weapon  included  at  least  some  of  the  more 
sensitive  members  of  the  population.  This  was  done  by  exposing  each  man  without 
ear  protection  to  a  progressively  increasing  number  of  rounds  from  a  rifle.  When 
hearing  had  been  degraded  temporarily  by  20  dB  or  more  at  354,6  and  8  k  Hz  in 
either  ear  men  were  withdrawn.  About  one  quarter  were  sensitive  to  20  rounds, 
another  quarter  to  either  60  or  120  rounds,  and  the  remaining  half  were  regarded  as 
relatively  insensitive  and  given  no  further  exposure. 

For  normal  amounts  of  firing  used  in  training  the  'Sonex*  ear  plug  gave 
adequate  protection  for  most  weapons s- 


Infantry 

7.62  mm 

SLR 

1 20  rounds 

-  35  mins. 

84  mm 

Carl  Gustav 

5  rounds 

-  2  mins. 

120  ram 

Wombat 

10  rounds 

-  15  mins. 

81  ram 

Mortar 

36  rounds 

-  3  mins . 

Artillery 

105  mm 

Pack  Howitzer 

16  rounds 

—  75  mins. 

25  pdr 

Charge  2 

150  rounds 

-  5  hours 

5*5  inch 

Charge  2 

50  rounds 

-  5  hours 
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AFV 


105  mm  Centurion 
76  mm  Salladin 


200  roiinds  -  6  hours 
40  rounds  -  2  hours 


The  instructor's  position  for  the  SLR  has  been  validated,  but  more  work 
needs  to  be  done  for  other  weapons. 

Unless  hearing  has  already  suffered  serious  deterioration,  the  wearing 
of  Sonex  ear  plugs  is  unlikely  to  prevent  the  hearing  of  normal  orders,  but  whispered 
or  low  voice  instructions  will  be  missed  or  distorted.  The  provision  of  the  muff 
type  of  defender  (as  the  RAP  Mark  3)  can  affect  to  a  greater  degree,  the  intelligi¬ 
bility  of  speech  under  conditions  appropriate  to  training  ranges.  The  provision  of 
ear-muffs  with  communication  systems  would  circumvent  this  problem.  The  battery 
operated  and  peak  limited  transmission  system  developed  by  E.R.D.E.,  Ministry  of 
Technology,  may  be  suitable  for  this  purpose,  but  needs  further  evaluation  before 
adoption  for  Viery  intense  pulses. 

The  acoustic  trauma  found  in  soldiers  may  arise  either  from  isolated 
incidents  of  over  exposure,  or  from  ciomulative  exposures  building  up  to  a  serious 
situation.  When  a  soldier  is  found  to  have  acoustic  trauma  there  is,  apart  from  his 
own  statement,  no  real  means  of  determining  the  precise  cause  of  his  affliction. 

Such  information  could  only  be  obtained  by  the  regular  monitoring  of  hearing 
abilities  with  audiograms  taken,  say,  once  every  month  on  a  random  sample  of 
instructors  initially  and  eventually  all  soldiers,  and  with  experimental  study  of 
suspect  circumstances.  It  is  as  important  to  avoid  condemning,  as  a  result  of 
accident  or  negligence  not  readily  admitted,  weapons,  which  may  be  acceptable  under 
appropriate  circumstances,  as  to  ensure  safety  for  the  user.  It  may  be  appropriate 
to  place  the  safety  limitations,  as  far  as  they  are  known,  together  on  a  single 
chart  for  lung  injury,  ear  drum  rupture  and  inner  ear  deafness. , 

An  attempt  has  been  made  to  combine  all  available  information  on  injury 
to  man  due  to  blast  in  a  single  chart.  This  is  given  as  fig.  1  which  shows 
lethality,  lung  damage,  ear  drum  rupture  and  inner  ear  deafness  criteria  for 
various  overpressures  and  pulse  durations. 
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